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ABSTRACT 
This thesis research focused on evaluating improved common bean (Phaseolus 
vulgaris L.) germplasm under intensified fertility regimes, and assessing how assimilate 
partitioning to the seed impacts seed mineral concentration.  In Chapter 2, the agronomic 
performance of four improved varieties was evaluated on small-landholder farms using 
locally available manure and typical farming practices.  Only one of the improved 
varieties, K131, yielded significantly more than the local check, Kanyebwa.  Use of 
locally available manure significantly increased yields, but they remained less than 50% 
of the potential yield of improved varieties as demonstrated by the experiment station.  
Among resource limited farmers, options for soil fertility improvement are few and thus 
widespread use of manure requires a shift to mixed production systems.  In Chapter 3, 
the response of common beans to phosphorus intensification was evaluated on acidic 
ferralsol soils typical of most bean producing areas in Uganda.  Application of up to 180 
kg P/ha did not significantly increase yields in bean monocrops or offer any yield 
advantage from a maize/bean intercrop estimated as the land equivalent ratio. Further, 
available P (Bray 1) did not increase even after three seasons of repeated intensive 
application of P fertilizer. The large quantities of inorganic P application that would be 
needed to build soil capital puts this resource out of reach for the majority of subsistence 
farmers. Complementary use with manure, however, might be a viable solution, coupled 
with proximal placement of P fertilizer and phased application to ensure synchrony of 
nutrient uptake with plant needs.   In Chapter 4, we evaluated the relationship between 
yield and seed quality components under a limited supply of photoassimilate during seed 
ix 
 
filling.  Shade treatments decreased seed yield, seed oil concentration and seed starch 
concentration.  Treatment effects on seed iron (Fe) and zinc (Zn) concentrations were 
positively correlated with seed protein concentration, which has been shown to depend 
on assimilate supply per seed. Thus, the selection for increased protein concentration 
may increase the concentration of these important micronutrients. However, the 
challenge of the inverse relationship between yield and protein concentration may 
constrain usage of this strategy in breeding. 
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CHAPTER 1: GENERAL INTRODUCTION 
Common bean (Phaseolus vulgaris L.) is a major food legume in eastern Africa 
(EA) where it is the primary source of dietary protein and micronutrients (Graham and 
Vance 2003). Per capita consumption of beans in EA is among the greatest in the world, 
reaching 66 kg/year in Rwanda and Kenya (Broughton et al., 2003). Beans are grown 
primarily on small-scale farms with a total production area estimated at 4 million 
hectares (Broughton et al., 2003).  Uganda is one the largest producers of beans in EA, 
with total production estimated at 464,105 tons in 2011 (FAOSTAT, 2013). The high 
level of production, however, is mainly due to increased area harvested (Figure 1).     
Bean yields in Uganda averaged about 560 kg/ha in the years 2000-2011(FAOSTAT, 
2013).  This productivity is about 30% of the potential yield for improved varieties 
grown at experiment stations.  The low yields are attributed mainly to limited use of 
improved varieties and low soil fertility. Improved varieties have been reported to have a 
37% yield advantage on-farm compared with land races (CIAT, 2008). Despite this 
advantage, 92% of the small farm households in Uganda still use saved seed of 
unimproved varieties. The extent of low bean yields is further amplified by soils 
deficient especially in P and N among other nutrient deficiencies (Wortmann and Kaizzi 
1998; Wortmann et al., 1998; Bekunda et al., 2004; Lubanga et al., 2012).  Fertilizer 
usages in Uganda are among the lowest in EA, averaging 1.8 kg/ha per year (Benson et 
al., 2012). As such, most small farms have negative nutrient balances (Smaling et al., 
1993; Stoorvogel et al., 1993; Wortmann and Kaizzi 1998; Breman et al., 2008).  For 
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these reasons, sustainably improving common bean yields on-farm remains a major 
challenge in Uganda.   
Phosphorus has been identified as the most limiting nutrient to bean production   
(Sanchez and Logan, 1992; Wortmann et al., 1998;  Lunze et al., 2007). Indeed it is 
estimated that 65-80% of the soils in SSA are deficient in P leading to a production loss 
of up to 355,900 tons of beans annually (Wortmann et al., 1998).  Understanding the 
nature of response of the various bean systems is important in developing effective 
fertility regimes for improving bean productivity.  Unlike nitrogen that can be fixed from 
the atmosphere, P replenishment must involve application of external sources of the 
nutrient.  Several authors have proposed P intensification to build soil P capital as a 
means of reducing this nutrient deficiency in Africa (Sanchez, 2004; Syers et al., 2008).  
Reportedly, soil P capital in the Cerrado region of Brazil was built through application of 
large amounts of the nutrient (Goedert, 1983; Goedert, 1987; Thomas and Ayarza, 
1999).  Advocates for building soil P capital seek to leverage the high P fixing capacity 
of soils to build soil P reserves for increased crop productivity (Sanchez et al., 1997; 
Syers et al., 2008).  Sanchez et al. (1997) suggested that corrective application of 150 to 
500 kg P/ha of triple super phosphate (TSP) was required to replenish soil P capital on 
deficient soils in Africa. Similarly, Yost and Eswaran (1990) suggested the required 
application was 10 kg of P per percent clay per ha on annual basis with an initial booster 
of 250 kg P/ha on oxisols in Uganda. The extent to which such large P additions might 
increase available P on nutrient depleted soils and affect bean productivity is not known 
in Uganda. 
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Together with protein deficiencies, shortages of Fe and Zn are prevalent in food 
in SSA (Welch and Graham, 2004) a region where beans are primary staple food crop. 
Worldwide efforts are currently ongoing to increase the amount of Fe and Zn in plant 
seeds as a sustainable way of reducing mineral deficiencies (Bouis and Welch, 2010). 
There is wide genetic variability in seed mineral composition and the concentration of 
minerals is partly controlled by the environment in which the beans are grown (Beebe et 
al., 2000; Gelin et al., 2007; Blair et al., 2009,).  The accumulation of minerals is highly 
regulated by both the maternal plant and the embryo (Grusak and DellaPenna, 1999), 
probably through feedback mechanisms involving assimilate supply. Understanding the 
relationship between assimilate supply to the seed and its mineral composition is 
important in overcoming limitations in the amount of minerals stored in the seed.      
The role of assimilates in mineral storage may be related to the provision of 
carbon and nitrogenous compounds for the synthesis of transport and storage proteins for 
minerals.  Indeed Fe is principally stored in the ferritin protein (Briat et al., 2010) while 
Zn and several cations complex with phytic acid and are stored inside protein storage 
vacuoles (Otegui et al., 2002).  Further, delivery of minerals to the developing seed via 
the phloem depends on the pressure driven bulk flow created by sucrose and amino acids 
generated in the leaves to the developing embryo (Grusak, 1994).  Evidently, 
photoassimilate supply is integral to the transport and storage of mineral nutrients by the 
seed.  Little is known, however, about the relationship between photoassimilate supply to 
seed and accumulation of minerals in the seed. Previous research with soybean (Glycine 
max L.) in which assimilate supply during seed filling was manipulated showed that 
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shading increased seed protein and decreased oil concentration (Proulx and Naeve, 
2009). In a related study, Rotundo et al. (2011) reported that shade did not affect seed 
protein concentration but decreased seed oil concentration. While several studies have 
established that assimilate supply impacts the accumulation of oil and protein in the seed 
(Rotundo and Westgate, 2009; Rotundo et al., 2011; Naeve et al., 2008), how the 
decrease in assimilate supply might affect the accumulation of minerals in the embryo is 
not known.  Since Fe  (Grusak, 1994; Hell and Stephan, 2003) and Zn (Rengel, 2002; Lu 
et al., 2013) are thought to be phloem loaded together with assimilates from the leaves 
and are principally stored in association with proteins in the embryo, we hypothesized 
that assimilate supply might affect seed protein content and seed mineral content in a 
parallel manner. Since the reproductive sink capacity (cotyledon cell number) is well 
established once seeds commence storage product accumulation (seed filling phase) 
(Munier-Jolain and Ney, 1998), manipulation of assimilate supply during seed filling 
should not compromise seed sink capacity, and observed impacts on seed composition 
should reflect imposed changes in assimilate supply. The objectives of this dissertation 
research were to: i) Determine the response of common beans to soil fertility 
intensification under farmers conditions; ii) Evaluate the response of bean monocrops 
and maize/bean intercrop to phosphorus intensification and assess the relationship to soil 
available P; and iii) Determine the effect of assimilate supply on yield, seed protein and 
mineral composition in common bean. 
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Organization of the thesis: 
The thesis is organized into five chapters. Chapter 1 is the general introduction to the 
research.  Chapter 2 focuses on performance of improved varieties and fertility 
enhancements to increase yields of common beans grown by small scale holder farmers 
in south-eastern Uganda. These experiments showed positive increases in yields from 
using improved varieties and locally available cattle manure. Soil analytical results from 
the on-farm experimental area identified phosphorus as the most limiting soil nutrient.  
In Chapter 3, the response of mono-cropped and inter-cropped beans to phosphorus 
intensification in three agro-ecological zones was evaluated. Unlike common fertility 
trials, the same plots were used for three seasons with the aim of building soil P capital. 
Repeated application of phosphorus (up to 180 kg/ha) did not significantly increase 
yields or soil available phosphorus (Bray 1). This demonstrated the high P binding 
capacity for these acidic soils, implying that heavy application of P may not solve P 
deficiency in the short term.  In Chapter 4 we tested the hypothesis that photoassimilate 
supply controls seed nutrient content. Shade treatment decreased oil and starch 
concentration, but increased protein concentration. Iron and zinc were positively 
correlated with seed protein concentration implying that increasing seed protein may 
improve the concentration of these important micro-nutrients.  Chapters 2 - 4 are 
presented as manuscripts prepared for submission to respective journals.  Chapter 5 
presents the general conclusions from all these studies. 
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Source: FAO, 2013 
Figure 1: Trends in production, area harvested and yields of common beans in Uganda. 
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CHAPTER 2: USING IMPROVED VARIETIES AND FERTILITY 
ENHANCEMENTS TO INCREASE YIELD OF COMMON BEANS 
(PHASEOLUS VULGARIS L.) GROWN BY SMALL-LANDHOLDER FARMERS 
IN SOUTH-EASTERN UGANDA 
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ABSTRACT 
The productivity of common bean (Phaseolus vulgaris L.) seed saved by farmers 
is less than 30% of the yield of improved varieties grown on experiment stations in 
Uganda. This yield gap has been mainly attributed to low soil fertility and susceptibility 
of local varieties to diseases. This study evaluated the impact of four improved varieties 
K131, K132, NABE4, NABE6 and a local variety, Kanyebwa, and soil fertility 
improvement on bean yields on small-landholder farms. Enhancing soil fertility with 
cattle manure (10 tons/ha), phosphorus (60 kg/ha), or manure (5 tons/ha) + phosphorus 
(30 kg/ha) led to increased yields for all varieties compared to controls. On average, 
improved varieties produced more yield than the local variety Kanyebwa, with or 
without soil fertility improvement.  K131 yields generally were greater than the other 
varieties, reaching a maximum of 807 kg/ha in response to manure application.  The 
13 
 
 
local variety Kanyebwa yielded only 524 kg/ha in the same treatment. Yields from 60 
kg/ha of phosphorus application ranged between 520 to 706 kg/ha, while the yields for 
the combined application of manure + phosphorus ranged between 637 to 676 kg/ha.  
These results indicate that adopting improved varieties and soil fertility management 
practices can significantly improve bean productivity on small-landholder farms. Other 
management, genetic, and cultural factors, however, must be addressed to overcome the 
major yield gap between potential and realized bean yields 
Keywords: On-farm, improved varieties, local variety, soil fertility 
 
INTRODUCTION 
Common bean (Phaseolus vulgaris L.) is an important food crop in eastern 
Africa, where it provides an economical source of protein, minerals and vitamins 
(Broughton  et al., 2003). In Uganda, beans are the fifth most important food crop; per 
capita consumption is one of the highest in east Africa, averaging 10.9 kg in 2009 (FAO, 
2013). In 2010, the value of the gross domestic production of beans in Uganda was 
estimated at $274 M (FAO, 2013) with beans accounting for 7% of the national 
agricultural GDP (CIAT, 2008).  Despite the importance of beans as a dietary staple for 
rural households, average bean yields were estimated at 406.2 kg/ha in 2011 and this is 
less than 30% of the potential yield of improved varieties under optimum conditions 
(FAO, 2013).    
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The low bean productivity is partly attributed to widespread reliance on local 
varieties.  According to the Uganda Census for Agriculture 2008/9, approximately 92% 
of the households use local seed, while only 31% used improved/hybrid seed (UBOS, 
2010). This is attributed to limited access to improved seed due to ineffective formal 
seed production, high cost of certified seed and local dietary preferences.  As part of its 
mandate, National Crops Resources Research Institute (NaCRRI) has released several 
improved varieties tolerant to several biotic and abiotic constraints in recent years but 
these are not readily available to farmers.  These improved varieties have a greater yield 
potential and thus their adoption could result in significant increases in bean 
productivity.  Field trials of the improved varieties in Uganda showed a yield advantage 
averaging 37% over local farmer varieties (CIAT, 2008).  A survey of farmers in areas of 
Uganda where improved varieties had been formally introduced showed high potential 
for adoption (David et al., 2000).  Yet, limited accessibility to improved varieties by 
small scale farmers and dietary preferences for local varieties limit their use today 
(Buruchara et al., 2011). 
The most important abiotic factor limiting bean productivity in Uganda is poor 
soil fertility (Wortmann and Kaizzi, 1998; Wortmann  et al., 1998;  Bekunda et al., 2004;  
Lubanga et al., 2012). Phosphorus and nitrogen are the most limiting soil nutrients in 
bean producing areas of eastern Africa (Wortmann  et al., 1998). Uganda has one of the 
lowest fertilizer usage estimated at only 1.8 kg/ha annually (Benson et al., 2012) 
compared to 7.1 kg/ha in sub-Saharan Africa (Druilhe, 2012). In 2007, the Ugandan 
Bureau of Statistics estimated that only 1% of the farming households in Uganda use 
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chemical fertilizers, and only 6.8% apply manure  due to lack of the availability and high 
cost of purchasing and maintaining animals (UBOS, 2007).  
Integrating varieties having superior yield potential with a soil fertility 
management program using locally available fertilizers might provide an affordable and 
sustainable option for small-landholder farmers to overcome these constraints (Okalebo  
et al., 2006;  Lubanga et al., 2012).  To this end, we conducted a series of on-farm trials 
in southeastern Uganda where soils are severely depleted of nutrients.  The overall goal 
was to identify avenues to increase bean yield and quality on small-scale farms in this 
region. The study had two specific objectives: (1) to evaluate the performance of 
improved varieties on nutrient depleted soils under farm conditions, and (2) to determine 
the impact of increased nitrogen and phosphorus from manure application on bean yields 
on these nutrient-depleted soils. The studies were conducted on-farm to document the 
gap in performance of these varieties under typical farm management conditions.  
Farmers participated in all stages of experimentation from site selection and field 
management to postharvest handling to increase farmer adoption, and disseminate 
knowledge resulting from the farmer-researcher interactions.   
 
MATERIALS AND METHODS 
All experiments were conducted in Butansi and Bugulumbya sub-counties 
located in Kamuli District (00
o55’ 33o06’E) in southeastern Uganda. The district is 
located 1100 m above sea level and typically experiences two rainy seasons with peaks 
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in March to June (Season A) and August to November (Season B). The average annual 
rainfall is 1350 mm and the average monthly temperature varies from 19 to 25
o
C.  
The trials involved three farmer groups from Butansi sub-county and three farmer 
groups from Bugulumbya sub-county both located in Kamuli District. Farmers were 
involved in the establishment and evaluation of the trials. Activities performed by 
farmer-cooperators included site selection, bush clearing, hand hoeing, planting, 
weeding, harvest, drying, threshing and measuring seed yield.  Throughout the 
experimentation, farmers were trained and guided as needed by technical staff from 
NaCRRI and Volunteer Efforts for Development Concerns (VEDCO).  Individual trials 
in each season were hosted by a farmer and managed by the farmer group to which they 
belonged. 
The study consisted of three on-farm experiments. In the first experiment 
conducted in Seasons A and B of 2009 and season A of 2010, the performance of four 
improved varieties released by NaCRRI (K131, K132, NABE4 and NABE6) and a local 
variety, Kanyebwa, was determined without soil amendments (Table 1).   This study 
involved a total of 54 on-farm trials, 18 in each season.   
In the second experiment, the response of the same varieties to manure 
application (10 tons/ha) was determined. The bean varieties were evaluated in two 
groups to reduce the size of the trial at each site and the workload for the farmer 
cooperators.  Group 1 included K131, NABE4 and Kanyebwa; Group 2 included K132, 
NABE6 and Kanyebwa. A total of 36 on-farm trials, 12 in each of the three seasons, 
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were conducted in Season A and B in 2009.  For both experiments, the plot size was 5m 
x 5m arranged in a randomized complete block design with two replicates.  
In the third experiment, three varieties selected by the farmer cooperators (K131, 
NABE4 and Kanyebwa) were evaluated for their response to cattle manure, phosphorus, 
and a combination of manure and phosphorous.  The fertilizer treatments were: 60 kg/ha 
phosphorus, 10 tons/ha manure and 30 kg/ha phosphorus with 5 tons/ha manure. The 
phosphorus source was triple super phosphate with 46% P2O5 (Lebanon Chemical 
Company S.A.L, Beirut, Lebanon). The manure was measured on a dry weight basis 
from the same source for Exp. 1 and 2. All fertilizer treatments were applied at planting; 
manure was incorporated into the soil by hoeing, and phosphorus was band applied and 
mixed into the soil with a hoe along the sowing line. The plot size was 3m x 3m arranged 
in randomized complete block design with two replicates.   The experiment was 
conducted during Seasons A and B in 2010 and Season A in 2011.  
 
Data Collection 
Composite soil samples obtained from 0-20 cm deep were collected from each site 
before land preparation and used to characterize the experimental sites.  Soil pH was 
measured in a soil-water solution ratio of 1:2.5; organic matter by potassium dichromate 
wet acid oxidation (Walkley and Black method); total N determined by Kjeldhal 
digestion; extractable P by Mehlich-3 test; exchangeable bases from an ammonium 
acetate extract by flame photometry (K
+
, Na
+
) and atomic absorption spectrophotometry 
(Ca
2+
, Mg
2+
) and particle size distribution (texture) using the Bouyoucos (hydrometer) 
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method. N, P and K in the manure were also analyzed.  All analyses were carried out at 
National Agricultural Research Laboratories at Kawanda (NARL Kawanda), Uganda 
following procedures by Okalebo et al. (2002).    
 At physiological maturity (dry pods), plants in each plot were harvested and 
counted. The number of pods per plant was determined from 20 randomly chosen plants. 
A pod was counted if it contained at least one mature seed.  The number of seeds per pod 
was determined from 20 randomly chosen pods from these 20 plants. After air drying the 
pods, beans were threshed in the customary way with sticks. Seed moisture content was 
determined using a moisture meter (Steinlite SL95, Atchison, Kansas, USA). The yield is 
presented in kg/ha at 13% moisture content.   Seed size was also determined as 100-seed 
weight (mg) at 13% moisture content.  Plant population density at harvest was calculated 
as the total number of plants harvested per 20 m
2
 plot for Experiment 1 and 2 and 9 m
2
 
plot for Experiment 3.  Seed yield, 100-seed weight, and moisture content were 
evaluated by NaCRRI field technicians. All other yield components were determined on-
farm with the farmers.   
The data were subjected to analysis of variance using Proc Mixed in SAS 9.3 
(2007).  Variety and fertility treatments were considered fixed factors. Location and 
replication were considered random effects. Significant differences between means were 
determined by least significant differences (LSD) at P = 0.1. 
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RESULTS AND DISCUSSION 
Soil chemical and physical analyses  
According to the soil map of Africa, the majority of the soils in Kamuli district 
are classified as orthic ferralsols (Fao and Unesco, 1977). These soils have good 
drainage, but are strongly weathered and tend to have a low cation exchange capacity. 
Soils from the trial sites were slightly acidic with a pH ranging from 5.7 – 7.3 (Table 2). 
Beans generally tolerate slightly acidic soils. Alkaline conditions above pH 7, however, 
may reduce availability of micronutrients such as iron and zinc (Schwartz  et al., 2004).  
Results from 116 soil samples showed that 92% of the sites had less than critical 
phosphorus (P), 62% were deficient in nitrogen (N), and 44% were low in organic matter 
(OM) (data not shown). Similar nutrient deficiencies for Kamuli soils have been reported 
elsewhere (Wortmann and Kaizzi, 1998; Tenywa  et al., 1999).  The average values for 
soil P, N, and OM were 1.7 ppm, 0.18% and 3.1%, respectively (Table 2).  P and N are 
macronutrients required by the plant for proper growth and development and therefore 
their deficiency directly impacts yields. Soil deficiencies in P and N observed in these 
Kamuli trials are consistent with the main fertility constraints to increased yields in sub-
Saharan Africa (Okalebo et al., 2006). Organic matter plays an important role in 
improving nutrient availability by increasing cation and anion exchange capacity, 
increasing water retention and improving soil structure (Johnston et al., 2009). The low 
soil fertility observed could be attributed to the negative nutrient balances resulting from 
continuous cultivation without adequate replenishment of nutrients lost (Shepherd  et al., 
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1996; Bekunda  et al., 1997; Sanchez, 2002). According to the 2008/9 Uganda Census on 
Agriculture, the majority of small scale farmers do not use any form of inorganic or 
organic fertilizers (Okoboi and Barungi, 2012). 
 
 Experiment 1- Yield of improved varieties on nutrient depleted soils 
Introduction and use of improved varieties is a sustainable way of improving 
yields among resource poor farmers (David  et al., 2000; Maredia  et al., 2000).  The 
objective of this experiment was to compare the performance of improved varieties – 
K131, K132, NABE4 and NABE6 to a local variety Kanyebwa under typical farming 
conditions. On average, the improved varieties yielded 3-25% more than the local bean 
variety (Table 3). Only K131, however, consistently produced significantly more yield 
than the other four varieties.  The local variety grown from farmer-saved seed had the 
lowest yield, averaging approximately 464 kg/ha. The superior performance of K131 
was attributed to a greater number of pods per plant and a greater number of harvested 
plants/m
2
.  In on-farm field trials on fairly mineral-rich nitosol soils in the Mbale district 
of eastern Uganda, K131 and K132 yielded 65 and 35% more than Kanyebwa (David,  et 
al., 2000).  There were significant differences in the 100-seed weight among varieties 
(Table 3). K132 produced the largest seeds followed by NABE4 and Kanyebwa.  The 
small seeded varieties, K131 and NABE6, however, produced significantly more pods 
per plant and seeds per pod than the other varieties.    
The number of plants at harvest was far less than the recommended optimum of 
20 plants/m
2
, which was the target planting population for all varieties (Table 3).  K131 
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retained the most plants throughout harvest and generally produced the best yield.  
Kanyebwa, often the poorest yielding variety, typically had far fewer plants survive until 
harvest.  De Brum Piana et al. (2007) also observed the impact of decreased plant 
populations on common bean yields.  Failure of common bean varieties to maintain an 
optimum number of plants throughout the season could reflect poor seed germination, 
poor vigor, or mortality under stressful field conditions. Studies relating temporal loss of 
plants with occurrence of biotic and abiotic stresses during the growing season are 
needed to target management strategies that stabilize plant population density.  
There were significant effects of variety, location and location x variety 
interactions on yield, 100-seed weight, pods per plant, and seeds per pod (Table 3). In 
addition, location and location x variety interaction effects were significant for the 
number of plants harvested per square meter. The strong location x variety interactions 
indicates that the diverse genotypes responded differently to local farm conditions. This 
could be partly attributed to the inherent genetic potential of these varieties (Table 1) and 
differences in soil conditions. Further differences may be due to management abilities of 
cooperating farmers, especially timing of weed control (team observation). Yield was 
correlated with plants/m
2
, pods per plant, and seeds per pod (Table 4).  Further, 100 seed 
weight was inversely related to pods per plant and seeds per pod. Pods per plant were 
positively and significantly correlated to number of seeds per pod and plants /m
2
. 
Overall, yields were below the potential yields of experiment stations indicating 
that use of improved varieties alone may not be sufficient to bridge the yield gap. Based 
on data provided by NaCCRI (Table 1), average productivity for the improved varieties 
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tested was only 19 to 28% of the potential yield for NABE6, K131, NABE4, and K132 
respectively.  Other constraints to productivity like low soil fertility may have to be 
addressed at the same time to achieve the desired increase in yields.  
 
Experiment 2- Response to manure 
The soils in all trial sites were low in nutrients particularly N, P and OM. As a 
soil improvement strategy, we tested the response of common bean varieties K131, 
K132, NABE4, NABE6 and Kanyebwa to 10 ton/ha of locally sourced cattle manure 
applied at planting.  The manure used averaged 1.4, 0.16, and 0.72% N, P and K. Local 
manure was chosen because it is a renewable resource and an economical means of soil 
improvement especially for resource poor farmers. 
In Group1, the addition of 10 ton/ha of manure had significant effects on yield, 
100-seed weight, pods per plant, seeds per pod and plants harvested/m
2
 (Table 5). On 
average, the addition of manure increased the yields of the local variety Kanyebwa by 
63%, followed by K132 at 49% and NABE6 by 35%.  There was no variety x treatment 
or location x treatment interactions for yield and its components.  A location x variety x 
treatment interaction, however, was significant indicating that variety x treatment 
interaction varied with the location of the trial. This could have been due to differences 
in environmental conditions like soil fertility, moisture and seasonal differences in 
weather. Addition of manure also led to significant increases in the in 100 seed weight 
for K132 and Kanyebwa, but not for NABE6. Further, manure significantly increased the 
number of pods per plant for NABE6 and number of harvested plants/m
2 
for Kanyebwa.  
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On average, the plant population at harvest increased with addition of manure, but 
remained below the optimum of 20 plants/m
2
 (Table 5).  As in Experiment 1, seed yield 
was positively correlated with harvest population, number of pods per plant, and seeds 
per pod (Table 7).   The 100 seed weight was negatively correlated with pods per plant 
and seeds per pod.  The number of pods per plant was correlated with seeds per pod but 
not with plants/m
2
.  
In group 2, the response of common bean varieties, K131, NABE4 and 
Kanyebwa to 10 ton/ha applied at planting is presented in Table 6.  Fertilization with 
manure significantly increased yields for K131 and Kanyebwa, but not NABE4. The 
percentage increases in yields due to manure were 44% and 36% for Kanyebwa and 
K131, respectively.   Fertilization with manure significantly affected 100-seed weight 
only for NABE4.   Manure did not affect the number of pods and seeds per pod for each 
variety, but generally K131 had a greater number of pods per plant and seeds per pod 
than Kanyebwa and NABE4.  
There were significant variety x treatment interactions for yield, 100-seed weight, 
and harvest population (Table 6). The variety interaction points to genotypic differences 
in response to soil fertility, indicating possible differences in uptake and utilizations of 
supplied nutrients. There was also a significant location x manure treatment interaction 
on yield and harvest population. This interaction may indicate that the effects of manure 
depended on the local environment given that the farms differed in management and soil 
conditions. The ability of the manure to decompose and mineralize to supply nutrients 
depends partly on the soil and local environmental conditions (Eghball, 2000; Eghball et 
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al., 2002).   In our study, trial sites were different each season and soils varied in their 
chemical and physical characteristics (data not shown).  In general, however, high soil 
temperature and moisture favors rapid decomposition and mineralization of the manure.   
In group 2, for the varieties K131, NABE4 and Kanyebwa, yield was positively 
correlated with pods per plant, seeds per pod and plants/m
2
 (Table 7). The 100-seed 
weight was negatively and significantly correlated with pods per plant and seeds per pod, 
but not significantly correlated with yield and plants/m
2
. The correlations for the number 
of pods per plant with seeds per pod and plants/m
2
 were positive and significant. 
Plants/m
2
 was also significantly correlated with seeds per pod.  
Application of manure (10 T/ha) increased the yields for all varieties, with 
percentage increases ranging from 6 to 63% compared to the unfertilized control.  The 
local variety responded better to manure application than did the improved varieties.  
These results confirm that low soil fertility limits common bean yields among small 
scale farmers. The results also show that there are genotypic differences in response to 
manure and the low fertility conditions.  Yields from the manure application were less 
than half the potential yields, indicating the amount of manure used did not supply the 
required nutrients in amount or at the right growth stage to maximize yields.  Based on 
the analysis of manure used in the study, the 10 T/ha of manure used would only provide 
15 kg /ha of P.  At the manure quantities applied in our experiment, the phosphorus 
supplied was far short of the 60 kg/ha of P recommended by the NARL Kawanda for 
common beans.  Manure from communally grazed cattle has been reported to contain 
low amounts of nitrogen, phosphorus and potassium (Palm  et al., 1997; Tenywa  et al., 
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1999;  Materechera, 2010). Given the limited availability of cattle manure in the Kamuli 
district and the resources need to apply as much as 10 T/ha, small landholder farmers 
will need logistical assistance to improve soil fertility using this approach.  Beyond 
directly supplying nutrients, however, manure can have positive effects on the soil 
environment in increasing the availability of several nutrients including phosphorus 
(Iyamuremye and Dick, 1996; Zingore et al., 2008). Manure has also been reported to 
increase rooting thus allowing the plant to exploit a larger area for plant nutrients.  In 
addition, manure has been reported to increase water retention, improve soil structure 
and enrich the soil microbes. Some of these benefits, however, will only show impact in 
proceeding seasons. In our case, locations of experiments were changed in each season, 
and thus long-term benefits could not be assessed. While manure has both immediate 
and long-term benefits for the soil structure and microbes, its use among small scale 
farmers remains limited by accessibility and bulkiness.    
 
Experiment 3- Response to manure, phosphorus, and a phosphorus-manure 
combination 
 Results from experiment 1 and 2 showed that use of improved varieties and 
manure alone were not sufficient to bridge the yield gap between the observed and 
potential yield. Further soil analytical results showed that phosphorus was the most 
limiting macronutrient. Phosphorus is needed for several plant metabolic processes like 
nitrogen fixation in legumes including common beans (Vance et al., 2003).    
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The addition of manure, phosphorus and phosphorus plus manure tended to 
increase yields for all three varieties studied (Table 8). For K131, yield under 
phosphorus treatments was not significantly different from the control. All yield 
components except seeds per pod were increased over controls for all fertilizer 
treatments. There were, however, variety differences in yield and in all yield 
components. Treatment effects were only significant for 100-seed weight, seeds per pod 
and plants/m2. Varieties x treatment interactions were significant for yield and seeds per 
pod.  There was also a significant location effect on yield, 100-seed weight, and seeds 
per pod. The location x variety interaction was significant for yield and all its 
components.  Locations x treatment interactions were significant for yield, pods per plant 
and seeds per pod. The significant variety interactions could be attributed to diversity 
among genotypes. The local variety Kanyebwa is early maturing and more susceptible to 
diseases like anthracnose compared to the other varieties.  Significant location 
interactions on the other hand could be related to differences in local environmental 
conditions like soil fertility and pH, all of which impact nutrient availability and thus 
plant growth.  
For Kanyebwa, fertilization with a combination of manure + phosphorus led to 
significant increases in yield compared to the other treatments (Table 8).  For NABE4, 
yields from manure, phosphorus and manure + phosphorus fertilization were 
significantly greater than the control. The observed increases in yields resulting from 
manure, phosphorus + manure addition were related to the increase in the number of 
pods per plant, seeds per pod and harvest population. 
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For all varieties, application of phosphorus alone did not provide a significant 
advantage over application of manure. Yield response to phosphorus alone was 
significant only for NABE4. There were no significant differences in the yield 
components between the phosphorus and manure treatments.  All three fertility 
treatments significantly increased the 100-seed weight for K131. The 100-seed weight 
for NABE4 was not significantly affected by fertility treatments.  
The numbers of pods per plant for K131 were significantly increased by all three 
fertility treatments (Table 8). For the local variety Kanyebwa, phosphorus and a 
combination of manure + phosphorus fertility treatments led to significantly greater 
number of pods than the control.  There were no significant differences in the number of 
pods per plant for NABE4. The number of seeds per pod was not significantly affected 
by the fertility treatments for both Kanyebwa and K131. Similarly for NABE4, the 
number of seeds per pod was significantly different from the control, but the number of 
seeds per pod for the phosphorus + manure combination was significantly higher than 
that for manure alone.  On average, fertility treatments increased the harvest population 
(plants/m
2
) indicating higher soil fertility was associated with increased survival of 
plants during the growing season.  
  Yield variation was highly correlated to number of pods per plant, seeds per pod 
and harvested plants/m
2
 (Table 9).  Similarly, 100 seed weight was significantly and 
negatively correlated with pods per plant, seeds per pod and harvested plants/m
2
. Pods 
per plant were significantly correlated with seeds per pod and plants harvested per square 
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meter. The number of seeds per pod was also significantly correlated with plants 
harvested per square meter. 
Table 6 shows the response of K131, NABE4 and Kanyebwa to application of 
manure alone (10 T/ha), phosphorus alone (60 kg/ha), and the combined application of 
manure (5 T/ha) + phosphorus (30 kg/ha). The observed differences among these 
treatments could be attributed to differences in uptake and utilization of the required 
nutrients. The local variety Kanyebwa that had lower yields is early maturing and more 
susceptible to diseases, which has been reported to affect nutrient uptake and utilization 
(Baligar  et al., 2001).  Generally, fertilizer application increased the yield of the all the 
three varieties tested, further confirming soil deficiency in key nutrients especially N and 
P.  Yields from application of phosphorus alone (60 kg/ha) matched that from 
application of manure (10 T/ha) indicating the importance of phosphorus as a yield 
limiting nutrient in the farmers’ fields.  Bean yields from the combined application of 
manure (5 T/ha) and phosphorus (30 kg/ha) matched or exceeded those from manure, 
phosphorus and the control for Kanyebwa and NABE4.   Therefore, the bulkiness of 
manure, which is a deterrent to its widespread use, could be reduced by combining its 
application with inorganic phosphorus to provide similar yield advantages to manure 
alone. Combined application may lead to positive interactions between the organic and 
inorganic fertilizers leading to increased nutrient availability. Complementary use of 
inorganic and organic fertilizers has been suggested as an effective practice of soil 
fertility management to ensure plant nutrition while regenerating the soil (Palm  et al., 
1997;  Lubanga et al.,  2012). 
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Implications for improving bean yields on resource-limited small-landholder farms 
The participatory nature of the research was a learning opportunity for both 
farmers and researchers. Farmers gained knowledge in crop husbandry, soil fertility 
improvement, and better post-harvest management that they adopted for beans and other 
crops (personal observation).  In some instances, farmers experimented with these 
techniques on other crops like peanut (Arachis hypogea) and maize (Zea mays).  The 
experiential learning and self-inquiry promoted in this study encouraged farmers to seek 
ways to improve on-farm productivity.  
Yield results from our study showed that improved varieties tended to yield 
better than the local variety. Further, soil fertility improvement resulted in positive yield 
increases in all cases. This implies a combination of these two strategies has a potential 
to increase common bean productivity among small scale farmers.  Indeed, several 
authors have suggested improved access to improved varieties (David  et al., 2000; 
Maredia  et al., 2000; O'Gorman and Pandey, 2010) and soil fertility replenishment 
(Giller  et al., 1997;  Okalebo  et al., 2006; Bekunda  et al., 2010; Materechera, 2010) as 
a viable means of improving productivity among small scale farmers in Africa. The main 
challenge to the adoption of improved varieties is an inefficient system for formal seed 
production that is not capable of delivering seed of defined quality to the majority of the 
small scale farmers.  As such, adoption of improved varieties remains very low in sub-
Saharan Africa (O'Gorman and Pandey, 2010).  One way to increase access to good 
quality seed would be by nurturing the informal seed sector through community seed 
production (Takoutsing  et al., 2012)  Successful community based seed production 
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would ensure local availability of improved and good quality seed at lower prices.  These 
changes would require policy changes and government support to ensure that informal 
seed producers are linked to public breeders and the extension system. 
Our research on both small-landholder farms and controlled research station trials 
in Uganda, show that use of improved varieties alone may not achieve the desired 
increases in bean productivity to meet the needs of the growing population in sub-
Saharan Africa. Because majority of the soils available to small scale farmers have 
negative nutrient balances, use of improved varieties must be complemented with soil 
fertility improvement.  Our research results and those of several others show that 
improving soil fertility can increase seed yield.  Use of commercial fertilizers by small 
scale farmers, however, is currently constrained by the high cost (Okoboi and Barungi, 
2012).  Among resource limited farmers, options for soil fertility improvement are few. 
They include use of  animal  manure,  crop residues as green manure, agroforestry trees 
and legumes. These options are required in large quanties, are labor intensive, and often 
are low in nutrient quality and concetration (Okalebo et al., 2006). Widespred use of 
these approaches would require changes in local farming systems such as adopting 
mixed agriculture that would generate adequate supplies of  animal manure.  An 
intergrated approach would require coupling these options with inorganic sources of 
nutients. To restore the soils, nutrient additions have to be applied for several years.  Soil 
replenishement  and logistical support for distribution of manure should be part of the 
development policy, so that there is deliberate government investment aimed at building 
soil nutrients as agricultural capital.  
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TABLE 1: Characteristics of six common beans varieties grown in Uganda.   
Information compiled from the Naseco Seed Company, Kampala, and the National 
Crops Resources Research Institute, Namulonge, Uganda. 
Variety 
(Local name) 
General Agronomic Characteristics 
K131 
[Kazibwe] 
 
• Altitude: 1000-1800m 
• Maturity: 90 days 
• Seed rate: 50-60 kg/ha 
• Expected yield: 2 – 2.5 ton/ha 
• Growth habit: Trailing (Type II) 
 
• Light brown mottled 
• Good taste, good yield 
• Resistant to bean common mosaic 
virus (BCMV), bean rust (BR) and 
Anthracnose. 
• Susceptible to root rot 
• Performs relatively well under 
extreme environments 
 
K132 
[Nambale 
Omuwanvu] 
 
Altitude: 1000-1800m 
• Maturity: 80 days 
• Seed rate: 90-100 kg/ha 
• Expected yield: 1.5 – 1.8 ton/ha 
• Growth habit: Erect (Type I) 
 
• Large red mottled seed 
• Resistant to BR 
• Susceptible to anthracnose and 
root rot 
• Popularly grown in most parts of 
Uganda 
 
NABE 4 
[Nambale 
Omumpi / 
VEDCO] 
 
• Altitude: 1000-1800m 
• Maturity: 80-85 days 
• Seed rate: 90-100 kg/ha 
• Expected yield: 1.5-2.0 ton/ha 
• Growth habit: Erect (Type I) 
 
• Red mottled 
• Resistant to major bean diseases 
• Popularly grown in most parts of 
Uganda 
• Susceptible to root rot and 
anthracnose 
 
NABE 6 
[Obweru] 
 
• Altitude: 1000-1800m 
• Maturity: 90 days 
• Seed rate: 50-60 kg/ha 
• Expected yield: 1.5-2.5 ton/ha 
• Growth habit: Trailing (Type II) 
  
• Small white seed 
• Resistant to BR 
• Susceptible to root rot and 
anthracnose 
 
Farmers Seed 
[Kanyebwa/ 
Kabonge] 
 
• Growth habit: Erect (Type I) •  
 
• Brick red medium size seed, 
susceptible to many diseases, early 
maturing 
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TABLE 2: Characteristics of soils sampled from trials sites in Bugulumbya and Butansi 
sub-counties.  The values are the average of 58 samples from each sub-county.  
Sub-county pH range O.M N P Ca Mg K Sand Clay Silt 
  ----%---- ---------------ppm-------------- --------------%-------------- 
Bugulumbya 6.0 - 7.3 3.5 0.2 1.8 2425 585 435 51.3 33.2 15.0 
Butansi 5.7 - 7.1 2.8 0.2 1.9 2172 524 384 52.2 36.5 10.8 
Critical values 5.2 3.0 0.2 5.0 350 100 150 - - - 
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TABLE 3: Average yield, 100-seed weight, pods/plant, seeds/pod and harvest population 
for five common bean varieties evaluated in un-amended on-farm trials.  Data are pooled 
for three growing seasons and 60 locations in 2009 and 2010.  
Variety Yield 
(kg/ha) 
100-seed wt 
(g) 
Pods/plant Seeds/pod Plants/m
2
 
K131 577.2A* 17.6D 7.4A 5.09A 15.3A 
K132 507.4B 42.9A 5.2B 3.24C 14.0A 
KANYEBWA 463.7B 33.4C 5.3B 3.38BC 13.6A 
NABE4 513.2B 38.5B 4.9B 3.43B 13.6A 
NABE6 478.9B 17.9D 7.7A 5.05A 13.3A 
   P value   
Variety 0.0433 <.0001 <.0001 <.0001 0.2202 
Location <.0001 <.0001 <.0001 <.0001 <.0001 
REP (Location) 0.5027 0.6589 0.3513 0.6861 0.3870 
Location x variety 0.0143 0.0307 0.0008 <.0001 0.0775 
*Means in columns followed by the same later are not significantly different at P = 0.1 
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TABLE 4: Pearson correlations between seed yield, 100-seed weight, pods /plant, seeds 
/pod and harvest population for five common bean varieties evaluated on farm in 2009 
and 2010.  Data are pooled for 3 seasons and 60 locations in 2009 and 2010.  
 100-seed wt 
(g) 
Pods/plant Seeds/pod Plants/m
2
 
Yield (kg/ha) 0.07 ns  0.43***  0.20***   0.45*** 
100 seed weight (g)  -0.36*** -0.63*** 0.03ns 
Pods/plant    0.68***   0.24*** 
Seeds/pod    0.07ns 
*** Significant at p <0.0001, ns- not significant at P > 0.1 
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TABLE 5: Yield and yield component responses of common bean varieties K132, 
NABE6 and Kanyebwa to 10T/ha manure applied at planting. Data are the mean of 12 
locations pooled for two growing seasons in 2009. 
Variety Treatment Yield 
(kg/ha) 
100- 
seed 
wt 
(g) 
Pods/plant Seeds/pod Plants/m
2
 
K132 Control 384.1B* 41.4B 4.6C 3.1C 11.3B 
K132 Manure 572.0A 43.0A 5.3C   3.3BC  13.5AB 
KANYEBWA Control 349.5B 32.7D 4.8C 3.2C 12.0B 
KANYEBWA Manure 569.2A 34.2C 5.6C 3.6B  14.8A 
NABE6 Control 399.9B 18.4E 7.5B 5.3A 
   
12.8AB 
NABE6 Manure 539.6A 19.3E 8.6A 5.3A  15.6A 
  
 ------------------------P value------------------------ 
Variety 
 
0.9639 <.0001 <.0001 <.0001 0.4754 
Treatment 
 
0.0019 0.0184 0.0014 0.0097 0.0316 
Variety x Treatment 
 
0.7550 0.8201 0.9217 0.4215 0.9538 
Location 
 
0.1346 0.0263 0.0675 0.4401 0.2752 
Replication (Location) 
 
0.0058 0.1988 0.5220 0.0026 0.3341 
Location x Variety 
 
0.0975 <.0001 0.1188 0.1426 0.2133 
Location x Treatment 
 
0.4259 0.4531 0.9497 1.0000 0.4383 
Location x Variety x Treatment 0.0727 0.9664 0.0354 0.0022 0.7167 
*Means in columns followed by the same letter are not significantly different at P= 0.1 
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TABLE 6: Yield and yield component responses of common bean varieties K131, 
NABE4 and Kanyebwa to 10T/ha manure applied at planting. Data are the mean of 12 
locations pooled for two growing seasons in 2009. 
Variety Treatment Yield 
(kg/ha) 
100-
seed wt  
(g) 
Pods/plant Seeds/pod Plants/m
2
 
K131 Control 596.9B* 17.5D 8.8A 5.2A 16.0A 
K131 Manure 803.6A 17.6D 9.6A 5.3A 18.8A 
KANYEBWA Control 415.1C 33.3C 4.8B 3.4B 18.8A 
KANYEBWA Manure 598.1B 32.4C 5.3B 3.4B 13.6A 
NABE4 Control 549.1B 37.6B 5.1B 3.5B 12.0A 
NABE4 Manure 586.8B 40.8A 5.9B 3.5B 12.8A 
  ------------------------P value------------------------ 
Variety  0.0492 <.0001 <.0001 <.0001 0.3636 
Treatment  0.0935 0.0889 0.0840 0.4984 0.8802 
Variety x Treatment  0.0657 0.0932 0.8965 0.9501 0.0873 
Location  0.0495 . 0.0201 0.0200 0.3843 
Replication (Location)  0.9987 0.9956 0.6234 0.5211 0.8080 
Location x Variety  0.0017 0.1657 0.2924 0.2278 0.0275 
Location x Treatment  0.0002 0.9671 0.2149 0.3869 0.0194 
Location x Variety x Treatment 0.9670 0.7448 0.1876 0.0249 0.9145 
*Means in columns followed by the same letter are not significantly different at P= 0.1. (The F statistic 
100 seed weight was not estimable for location). 
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TABLE 7:  Pearson correlations between seed yield, 100-seed weight, pods/plant, seeds 
per pod and harvest population for on-farm trials evaluated for the response to manure 
on farm in 2009.  Above diagonal: correlations for K132, KANYEBWA and NABE6.  
Below diagonal: correlations for K131, KANYEBWA and NABE4.  Data are pooled for 
32 locations for seasons A and B in 2009.  
  Yield 
(kg/ha) 
100-seed wt 
(g) 
Pods/plant Seeds/pod Plants/m
2
 
Yield (Kg/ha)   0.13ns      0.44*** 0.17*    0.59*** 
100-seed wt (g)  -0.05ns     -0.50***    -0.65*** -0.01ns 
Pods/plant     0.58***   -0.55***      0.67***  0.23ns 
Seeds/pod     0.43***   -0.67***     0.80***   0.08ns 
Plants/m
2
 0.24* -0.03ns 0.25* 0.29*  
*** Significant at p<0.0001, * significant at p>0.05<0.1, ns- not significant at P > 0.1 
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TABLE 8: Response of yield and yield components of three common bean varieties to 
phosphorus (60 kg/ha), manure (10T/ha) and phosphorus (30 kg/ha) + manure (5T/ha) 
fertilizer treatments. Data are the mean of 22 locations pooled for three seasons in 2010 
and 2011. 
Variety Treatment 
Yield 
(kg/ha) 
100-seed wt                  
(g) 
Pods/plant Seeds/pod Plants/m2 
K131 Control 686.0B* 18.5B 6.1B 4.6A 20.1B 
 Manure  806.7A 19.3A 7.1A 5.0A 23.7A 
 Manure + Phosphorus 675.9B 20.7A 6.9A 5.1A 22.9A 
 Phosphorus  706.4AB 19.1A 6.8A 4.9A 22.5A 
KANYEBWA Control 492.8B    35.7AB    4.1B 3.1A 15.0B 
 Manure  524.3B 34.7B 4.3AB 3.1A 14.6B 
 Manure + Phosphorus 664.5A 37.1A 4.6A 3.3A 18.1A 
 Phosphorus 518.9B   35.2AB 4.7A 3.2A    15.3AB 
NABE4 Control 512.9B 41.2A 4.3A 3.1AB 16.0B 
 Manure  634.8A 41.7A 4.1A 3.1B 20.2A 
 Manure + Phosphorus 636.7A 42.9A 4.7A 3.3A 17.2B 
 Phosphorus 618.5A 41.7A 4.2A 3.2AB 16.4B 
  
 P value 
   
Variety 0.0088 <.0001 <.0001 <.0001 0.0015 
Treatment 0.1221 0.0492 0.2733 0.0525 0.0416 
Variety x Treatment 0.0370 0.9749 0.2675 0.0290 0.1874 
Location <.0001 0.0148 0.1222 0.0019 0.1738 
Replication(Location) 0.2536 0.9659 0.1667 0.0083 0.0215 
Location x Variety <.0001 <.0001 <.0001 <.0001 <.0001 
Location x Treatment 0.0017 0.5889 0.0181 0.0109 0.5245 
Location x Variety x Treatment 0.9357 0.1049 0.9223 0.1734 0.0252 
*Within each variety, fertility treatment means followed by the same later are not significantly different at 
P= 0.1 
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TABLE 9:  Pearson correlation between seed yield, 100-seed weight, pods per plant, 
seeds per pod and harvest population for 3 common beans evaluated for response to 
manure, phosphorus and manure + phosphorus in 2010 and 2011. Data are pooled for 22 
locations, seasons A and B in 2010 and season A in 2011 
  100-seed wt 
(g) 
Pods/plant Seeds/pod Plants/m
2
 
Yield (Kg/ha) -0.04ns  0.29*** 0.13*  0.28*** 
100 seed wt (g)  -0.38***   -0.64*** -0.30*** 
Pods/plant      0.60***  0.36*** 
Seeds/pod     0.37*** 
*** Significant at p < 0.0001, * significant at p < 0.1, ns- not significant at P ≤ 0.1 
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ABSTRACT 
Low soil phosphorus (P) is one of the major limitations to increased common bean 
(Phaseolus vulgaris L.) productivity in Uganda. P intensification has been proposed as 
the most feasible means of restoring soil P capital to ensure improved and lasting 
increases in farm productivity. It has not been demonstrated, however, whether repeated 
application of P is a feasible approach to increase yields of monocrop and/or 
intercropped beans on the acidic ferralsol soils typical of most bean production areas in 
Uganda. This study examined the impact of applying up to 180 kg P/ha over three 
seasons on available soil P and agronomic performance of monocrop beans and the 
maize/bean (50/100) intercrop. Field experiments were conducted in 2011-2012 at 
Nakabango in south-eastern Uganda, Namulonge in central Uganda and Mbarara in 
south-western Uganda. Average monocrop bean yields were 987, 771 and 474 kg/ha for 
Nakabango, Mbarara and Namulonge, respectively. P application did not significantly 
increase bean yields at any locations. Average land equivalent ratio (LER) for the 
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maize/bean intercrop was greater than 1.0, averaging 1.37 at Nakabango and 1.87 at 
Mbarara.  This represents yield advantages of 37 and 87% respectively, over bean and 
maize monocrops. P application did not significantly affect LER.  Also, there was no 
evidence for a residual P effect on yield of the alternate crop.  Soil analyses revealed no 
significant changes in the available P (Bray 1) even after three seasons of 180 kg P/ha 
application. These results indicate it may not be feasible to raise available soil P to 
profitable agronomic levels simply by applying inorganic phosphate fertilizers to the 
highly weathered acidic ferralsols of Uganda.  Alternative approaches utilizing P-
scavenging legumes or enhancing soil biological mineralization of immobilized P need 
to be considered.  
 
INTRODUCTION 
The common bean (Phaseolus vulgaris L.) is an important grain legume in sub-
Saharan Africa (SSA) where it serves as a vital source of proteins, vitamins and mineral 
nutrients (Broughton, et al., 2003). Despite its importance, yields of common beans are 
low and this has been attributed mainly to low soil fertility. Continuous cropping with 
minimal replenishment of the soil nutrients has resulted in negative nutrient balances on 
most farms in SSA (Bationo et al., 2006). Phosphorus has been identified as the most 
limiting nutrient to bean production ( Sanchez and Logan, 1992; Wortmann et al., 1998; 
Lunze et al., 2007). Indeed it is estimated that 65-80% of the soils in SSA are deficient 
in P leading to a production loss of up to 355,900 tons of beans annually (Wortmann et 
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al., 1998).  Understanding the nature of response of the various bean systems is 
important in developing effective fertility regimes for improving bean productivity.  
Unlike nitrogen that can be fixed from the atmosphere, P replenishment must 
involve application of external sources of the nutrient.  Several authors have proposed P 
intensification to build soil P capital as a means of reducing this nutrient deficiency in 
Africa (Sanchez 2004; Syers et al., 2008).  Reportedly, soil P capital in the Cerrado 
region of Brazil was built through application of large amounts of the nutrient (Goedert, 
1983; Goedert, 1987; Thomas and Ayarza, 1999).  Advocates for building soil P capital 
seek to leverage the high P fixing capacity of soils to build soil P reserves for increased 
crop productivity (Sanchez et al., 1997; Syers et al., 2008).  Sanchez et al. (1997) 
suggested that corrective application of 150 to 500 kg P/ha of triple super phosphate 
(TSP) was required to replenish soil P capital on deficient soils in Africa. Similarly, Yost 
and Eswaran (1990) suggested the required application was 10 kg of P per percent clay 
per ha on annual basis with an initial booster of 250/ha kg P on oxisols in Uganda. The 
extent to which such large P additions might increase available P on nutrient depleted 
soils in Uganda is not known.  Ferralsol soils typical in most bean producing regions in 
Uganda have large amounts of Al and Fe oxides and highly weathered kaolin clays (Yost 
and Eswaran, 1990).  At low pH, soils have greater amounts of aluminum in the soil 
solution, which forms very strong bonds with phosphate.  Silva et al. (2000) reported 
that under acidic conditions, soil binds twice the amount of phosphorus and with bonds 
five times stronger than under alkaline conditions. 
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 Common beans have been reported to respond positively to P application 
(Thung, 1991; Yan et al., 1995). Our previous work in Uganda (Chapter 2) showed 
similar positive responses to P, but yields remained well below the genetic potential for 
the varieties tested.  These studies were based on single mono-cropped season 
experiments and may not truly reflect the condition in farmer’s fields, which are often 
characterized by intercropping and crop rotation.  According to Wortmann, et al. (1998), 
22% of the bean area under production in Africa is mono-cropped, and 43% of the  area 
is in maize/bean intercrop.  Higher percentages of maize/bean intercrop versus 
monocrop beans, however, have been reported in Uganda (David, 1999).  Crop rotation, 
mono-cropping and intercropping systems may exert different pressures on soil nutrients 
and thus beans may respond differently to P intensification.  
  Little is known about the influence of P intensification on building and 
sustaining P fertility and yield under diverse farming systems on acidic ferralsols.  The 
objectives of this study were to evaluate the yield response of beans and maize/bean 
intercrops to varying P applications and to assess the effect of repeated applications of P 
on soil available P. 
 
 MATERIALS AND METHODS 
Site characterization: The experiment was carried out in the field at Nakabango 
variety testing center, south-eastern Uganda, at National Crops Resources the Research 
Institute (NaCRRI) main field at Namulonge in central Uganda and at Mbarara Zonal 
Agricultural Research Institute in south-western Uganda. These three locations, hereafter 
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refered to as Nakabango, Namulonge and Mbarara respectively represent three agro-
ecological zones. Trials were conducted in the first and second season of 2011 and the 
first season of 2012. In the study areas typical first seasonal rains run from March – June 
while the second seasonal rainfall occurs from September – December.  
In all three locations, the soils were acidic ferralsol (Table 1) with an average pH 
below the optimum of 6.5 to 7.0 for dry bean yields. Acidic soils with a pH below 6.0 
have been reported to decrease the availability of some nutrients like P, potassium, 
calcium and magnesium. Under acidic soils, P forms complexes with aluminum and 
iron, making it unavailable for plant uptake. At the same time high soil acidity may 
increase availability of metallic micronutrients like manganese and aluminum to toxic 
levels.   The average organic matter content (3.1%) was in a range considered to be 
moderate (Okalebo et al., 2002). Soils results also showed that the soils were low in 
nitrogen, phosphorus and potassium. Thung, (1991) reported that the critical level of soil 
P ranges between 8 to 15 mg/kg (Bray 2) for beans. 
 
Common beans mono-crop  
The bean varieties used in the study were, Kanyebwa, a landrace commonly 
grown in Uganda and NABE4, an improved variety released by NaCRRI.  Both varieties 
were planted at a spacing of 50 x 10 cm giving a population of 20 plants/m
2
.  Triple 
super phosphate (TSP- 46% P205, Lebanon Chemical Company S.A.L, Beirut, Lebanon) 
applied at rates of 0, 60, 120 and 180 kg P/ha supplied phosphorus. At each site, the 8 
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factorial treatment combinations were laid out in a randomized complete block design 
(RCBD) and replicated three times. 
 
Maize mono-crop  
Maize (Longe 5) was planted at a standard spacing of 75 x 30 cm giving a 
population of 4.5 plants/m
2
.  TSP was band applied along rows and mixed in soil before 
planting at the same rates as sole beans. Maize was rotated with beans at similar rates of 
P. The maize trial was laid out as RCBD with 3 replicates.  The maize and bean mono-
crops were used in calculation of the yield advantage for intercropping. 
 
Maize/bean intercrops (50/100) 
Maize was planted a spacing of 75 x 60 cm, giving a population that was half of 
its sole crop.  Associated beans were planted within maize rows at 100% standard 
population but at a spacing of 25 x 20 cm, giving a population of 20 plants/m
2
.  Triple 
super phosphate (TSP- 46% P205, Lebanon Chemical Company S.A.L, Lebanon) was 
band applied and mixed with soil at planting along bean rows at rates of 0, 60, 120 and 
180 kg P/ha.  The experimental layout was the same as the monocrop system. The 
maize/bean intercrop was rotated with sweet potatoes at similar rates of P treatments. 
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Sweet potato  
Sweet potato (Ipomoea batatas) (var. NASPOT 11) was arranged in mounds with 
each mound approximately 100 cm wide and 60 cm high. Mounds were spaced 1 m 
apart. Planting vines were 30 cm long and at planting two thirds of the vine were 
covered horizontally beneath the soil. Three vines were planted per mound giving a plant 
population of 33,300 per ha. P at 0, 60, 120 and 180 kg/ha was applied and mixed with 
mound soil.  Standard field management was carried out (HarvestPlus, 2011). Roots 
were harvested 4 months after planting.  
 
Field management   
Urea nitrogen (46% N, Istanbul, Turkey) was added at a rate of 25 kg N/ ha to all 
plots according to NaCRRI recommendations. In addition all seeds were inoculated with 
Rhizobia TALL 899 strain (Makerere, Uganda -120g rhizobia – [4 million cells/g] 
packet inoculated 15 kg of seed) to aid nitrogen fixation. The sole beans were rotated 
with maize (Longe 5) grown in plots treated with similar levels of P and N. Thus, the 
control plot for maize was the control plot for beans the following season and vice versa. 
Similarly plots of maize treated with 60, 120 and 180 kg P /ha were rotated with bean 
plots with similar P treatments. The maize/bean intercrop was rotated with sweet 
potatoes similarly with similar rates of P applied.  Apart from the tractor cultivation at 
the start of the first season, all other field preparations were carried out manually to 
reduce movement of soil between plots.  
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Data collection 
At physiological maturity, bean harvest population (plants/m
2
), pods per plant, 
seeds/pod, 100-seed weight (g) and seed yield (kg/ha) were determined.  Dry biomass 
and yield for 20 plants/plot was used to estimate harvest index (%).  Similarly, at 
physiological maturity, maize seed yield (kg /ha) was determined per plot.  All seed 
weights are reported at 13% moisture content.  To determine dry weight, samples were 
oven dried at 60
o
C for 72 hours.  Phosphorus agronomic efficiency (AE) (kg/kg) was 
calculated as a ratio of yield at Px – yield at P0 to applied P at Px.  Yield advantages from 
the maize/bean intercrop were determined as the land equivalent ratio (LER) (Willey, 
1979).  LER= LM + LB = YM/SM +YB/SB, where LM is the partial LER for maize and LB 
is the partial LER for beans. YM is the yield for maize intercrop; SM is the yield for sole 
maize. YB is the yield for bean intercrop; SB is the yield for sole bean. 
 
Soil sampling 
Composite soil samples obtained from 0-20 cm deep were collected from each 
site before land preparation and used to characterize the experimental sites.  At the 
beginning and or end of season, composite soil samples were collected from the inner 
portion (15 m
2
) for each of the plots to characterize changes in soil chemical properties. 
Soil pH was measured in a soil-water solution ratio of 1:2.5; organic matter by 
potassium dichromate wet acid oxidation (Walkley and Black method); total N 
determined by Kjeldhal digestion; extractable P by Bray 1 method; exchangeable bases 
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from an ammonium acetate extract by flame photometry (K
+
, Na
+
) and atomic 
absorption spectrophotometry (Ca
2+
, Mg
2+
); and particle size distribution (texture) using 
the Bouyoucos (hydrometer) method. All analyses were carried out at Makerere 
University soil laboratory following procedures by Okalebo, et al., (2002).   For 
purposes of this publication, we only report P changes for end-season data. All data were 
analyzed with a SAS PROC GLM statistical package (SAS institute, NC, USA). 
 
RESULTS AND DISCUSSION 
Bean mono-crop yield  
Table 3 shows the effect of P application on the yield and agronomic efficiency 
of two common bean varieties. Average common bean yields were 987, 771 and 474 
kg/ha for Nakabango, Mbarara, and Namulonge respectively. Nakabango generally had 
higher yields than the other two trial sites due to its relatively more fertile soils (Table 1) 
and well distributed seasonal rainfall (Table 2). Examination of rainfall data showed that 
Nakabango had more rainy days during the critical stages of flowering and pod filling in 
the months of April-May and October-November (Table 2). Yields at Namulonge 
decreased dramatically during the second season – 2011B; this was attributed to the long 
dry periods during flowering and start of seed filling.    
Results further showed that there were no significant effects of variety and P on 
the yield of common beans during the three seasons for all three agro-ecological zones 
tested.   Analysis of combined season yield also showed that yields tended to increase 
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with an increase in P at Nakabango, while results from the other 2 sites were mixed. The 
lack of responses to P fertilizations is contrary to the expectation of significant increases 
in yield given that available P levels were low (Table 1).   These results conflict with 
earlier reports that beans yields increase proportionately with increase in P fertilizer 
application (Thung, 1991).    
Applied P did not significantly increase the yield components – number of pods 
per plant, seeds per pod and 100-seed weight (Table 4).  These results reflect the non-
significant effects of P on yields reported above. Previous studies show that yield 
increases from P fertilization in beans are mainly due to increases in the number of pods 
per plant (Thung, 1991). Results also show that Namulonge, the site with the lowest 
average yields had also the lowest number of pods per plant. On the other hand, harvest 
plant population in all cases was lower than the optimum population of 20 plants/m
2
.  
Nakabango, the site with the highest average yield had the highest harvest plant 
population.  These results showed that part of the limitation to increased yields was the 
low plant population at harvest. For most part, P application did not lead to a significant 
increase in harvest index except in Mbarara where there was a 25% increase in HI at 180 
kg P/ha compared to the control.  The limited changes in HI implied that P addition did 
not dramatically change the partitioning of assimilates between seeds and vegetative 
components.    
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Maize mono-crop and maize/bean intercrop yield  
Table 5 shows the effect of P on maize and bean intercrop yields and land 
equivalent ratios.  Generally, maize yields in the first trial season (2011A) tended to be 
greater than those in the following seasons. This probably reflects the better soil 
conditions since the trail sites were under a bush fallow before the experiment.  
Monocrop maize yields tended to increase with P applied, but not significantly so at 
either location.  Likewise, maize intercrop yields tended to increase with P application at 
Nakabango. Significant yield differences were evident for the second season in 2011B 
and the first season in 2012A with P applied at 120 kg P/ha having the greatest yields.  
Maize intercrop yields at Mbarara, on the other hand, unexpectedly decreased with 
increase in P application.   
 Bean intercrops also tended to increase with P levels at Nakabango.  Significant 
effects of P were evident in seasons 2011A and 2012A with the greatest bean intercrop 
yields occurring at 120 kg P/ha.  Season 2012A bean intercrop yields were higher than 
the previous seasons probably due to reduced competition from maize, since the 
associated maize returned lower yields in the same season.  At Mbarara, P application 
did not have significant effects on bean intercrop yields.  
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Land equivalent ratio (LER) 
The LER is defined as the relative land area required by monocrops to produce 
the yields achieved by intercropping (Willey, 1979).  There were no significant effects of 
P application on the LER for all three seasons (Table 5).  This suggests that P did not 
significantly influence the interaction between the maize and beans in the intercrop. 
Results however, showed that the mean LER was greater than 1.0, indicating substantial 
yield advantages from growing maize and beans in an intercrop system rather than as 
monocrops. The overall LER for Nakabango was 1.37 representing a yield advantage of 
37% compared to sole crops. Likewise, the overall LER for Mbarara was 1.87 
representing a yield advantage of 87% over the monocrops.   Similar yields advantages 
from maize and bean intercrops have been reported by Siame et al., (1998) and Songa et 
al. (2007). Maize and legume intercrop advantages have been reported to arise from 
better utilization of nutrients (Li et al., 2001), water, (Natarajan and Willey, 1986) and 
light (Harris et al., 1987) available during the growing season.  Other merits of 
intercropping accrue from N fixation by legume components, the control of weeds, pests 
and diseases (Willey,  1987). 
 
Sweet potato yields 
Sweet potato yields averaged 10.6 T/ha with a range of 1.4 – 20 T/ha.   These 
average yields were well above the national average of 4.2 t/ha (Yanggen and Nagujja, 
2006) but matched the average yield for ‘NASPOT 11’ under good growing conditions 
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(Mwanga, et al., 2011). Yields in the first season, 2011A, were greater than the other 
seasons (Table 6), a testament to better soil conditions since the plots were previously 
under a bush fallow.  The yields following the maize/bean intercrop were lower, 
probably due to reduction in soil nutrients removed at plant harvest.  Results showed that 
there were no significant effects of P application on the yields of sweet potato except for 
the 2011A season at Namulonge (Table 6).  Application of P led to significant increases 
in yield compared to the control in this case.  Generally, the yield of sweet potato tended 
to increase with increase in applied P.   Literature shows mixed results for the response 
of sweet potato to P fertilization. Sebastiani et al. (2007) reported significant responses 
to P fertilization on volcanic soils, while Badillo-Feliciano and Lugo-Lopez (1976)  
reported no significant responses of sweet potato to P fertilization on oxisol soils. Mixed 
responses to P fertilization on sweet potato have also been reported by Moyo et al., 
(2008). 
 
Soil available phosphorus 
Available P after the third season was only analyzed for Nakabango.  Results 
showed that repeated application of P did not significantly affect available P.    At the 
end of the third season, each trial plot had received P three times at the respective levels 
of 0, 60, 120 and 180 kg P/ha. Thus, the total P applied for three seasons was 0, 180, 360 
and 540 kg P/ha. These values are within the recommended levels of P for building P 
capital in African soils deficient in P.  Sanchez et al. (1997) suggested that corrective 
application of 150 to 500 kg P/ha of TSP to replenish soil capital on soils deficient P in 
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Africa. Yost and Eswaran (1990) suggested 10 kg of P per percent clay per ha on annual 
basis with an initial booster of 250 kg P/ha on oxisols in Uganda.  These results 
contradict reports that available soil P linearly increases with the increase in the amount 
of P added (Indiati and Neri, 2004; Indiati et al., 1995).  This may be due the high P 
fixing capacities of Ugandan soils (Yost and Eswaran, 1990). 
According to Morel et al. (1989), the P fixation capacity of soils can be estimated 
as a function of available P and clay content according to: 
r1/R = 0.0303Cp - 0.0045A + 0.2568  
Where:  r/R: soil fixing capacity, Cp: P concentration in solution expressed as mg P l
-1
, 
A: clay content %, residual standard error: 0.0942, and R
2
 = 0.64.   At an rl/R ratio of 
less than 0.2,   “phosphate ions are expected to be readily transferred to the soil solid 
phase; available soil phosphate cannot be increased by economical agronomic rates as 
shown by either laboratory or field experiments”.  At r1/R greater than 0.4, “the 
phosphate applied in excess of P removal by crops but at normal agricultural rates can 
increase the available soil P” (Morel et al., 1989).  Analysis of experimental soils in our 
study showed that the r1/R ranged between -0.23 to 0.38 with a mean of -0.05 (Table 8).   
These values indicated the soils at the test sites had a very high P fixing capacity. Thus, 
most of the added P apparently was bound to soil and unavailable for plant growth.  This 
fixation of P by the acidic ferralsols likely explains the lack of response to added P in 
our study.  To overcome this problem, some have suggested that P should be applied 
proximal to the plant to allow for faster uptake (Morel et al., 1989). Others suggest 
combining inorganic P with manure or other organic materials such as agroforestry 
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clippings (Kihara and Njoroge, 2013). Further, to reduce fixation the excess Al and Fe 
readily available in acidic soils, liming should be part of the process for building soil P 
capital (Foster, 1979). 
 
CONCLUSION 
This is one of the first studies on P intensification to improve bean production in 
Uganda. Results showed no significant effects of applied P on the yield of common 
beans and a maize/bean intercrop. Further, there was no evidence of positive residual 
effects of P application on available P in the short term (3 seasons). The large quantities 
of inorganic P application that would be needed to build soil capital puts this resource 
out of reach for the majority of subsistence farmers using acidic soils. Complementary 
use with manure or other organic materials, however, might be a viable solution, coupled 
with proximal placement of P fertilizer and phased application to ensure synchrony with 
plant needs.  More long-term research is needed to understand the dynamics of P fixation 
under field conditions, and the interactions with soil biological agents responsible for P 
mineralization.  
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Table 1: Soil chemical and physical properties at the start of the experimental season 2011A. 
Soil property  Nakabango  Namulonge  Mbarara 
  
 Min Max Mean 
 
Min Max Mean 
 
Min Max Mean 
pH 
 
 3.4 6.5 4.4 
 
4.0 6.1 4.8 
 
5.6 6.3 5.8 
OM (%)  1.3 6.5 3.62 
 
1.07 5.02 2.8 
 
1.26 3.85 2.76 
N (%)  0.07 0.32 0.2 
 
0.11 0.24 0.17 
 
0.15 0.2 0.18 
P (mg/kg)  1.27 19.15 5.37 
 
1.06 20.9 8.31 
 
5.4 8.14 6.58 
K (cmol/kg)  0.31 1.68 0.88 
 
0.34 0.98 0.54 
 
0.82 1.31 1.02 
Ca (cmol/kg)  2.7 19.5 9.41 
 
3.4 16.5 6.87 
 
5.4 5.8 5.67 
Mg (cmol/kg)  1.2 6.6 3.34 
 
1.4 4.4 2.72 
 
1.22 1.96 1.83 
Na (cmol/kg)  0.05 0.3 0.15 
 
0.09 0.3 0.14 
 
0.07 0.2 0.12 
 Sand (%)  49 79 63.3 
 
43 79 62.1 
 
55 71 64.3 
Clay (%)  7 39 21.6 
 
7 39 23 
 
10 28 16.3 
Silt (%)  6 25 15.2 
 
8 23 14.8 
 
17 22 19.3 
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Table 2: Monthly rainfall (R/F –mm) and average temperatures (T°C) for Nakabango, Namulonge and Mbarara from January 2011 to June 
2012.  R/F shows monthly totals while T shows monthly averages. 
Year 2011  2012 
   
1
st
 season 
  
2
nd
 season  
  
1
st
 season 
Month J F M A M J J A S O N D  J F M A M J 
Nakabango 
           
 
      
R/F (mm) 1 24 201 133 131 39 60 132 192 331 177 55  40 111 121 94 112 156 
R/F days 2 6 16 12 13 9 7 15 14 24 21 12  3 6 10 16 11 14 
 T 
o
C 23 23 22 23 23 22 21 21 22 23 23 23  23 24 23 22 23 22 
Namulonge 
           
 
      
R/F (mm) 19 22 122 95 162 93 55 191 128 100 226 104  3 77 85 152 119 69 
R/F days 2 6 15 13 10 9 10 17 14 18 13 10  1 7 10 16 11 14 
T 
o
C 23 24 23 23 22 22 23 23 22 23 23 23  23 23 24 21 23 22 
Mbarara 
            
 
     
 
R/F (mm) 28 57 145 131 72 29 56 164 131 111 151 104  
      
R/F days 6 11 13 18 10 3 7 7 13 20 20 14        
T 
o
C 21 23 22 21 21 22 21 21 21 21 21 21  
      
6
8 
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Table 3: Yield (kg ha
-1
) and agronomic efficiency (AE) (kg kg
-1
P) of phosphorus for two 
common bean varieties grown in three agro-ecological zones in Uganda.  
  
Yield (kg ha
-1
)  AE (kg kg
-1
P) 
Variety 
P (kg ha
-
1
) 
2011A 2011B 2012A  Mean  Mean 
Nakabango 
    
   
 
Kanyebwa 0 1020 a* 804 a 799 a  874 a  
 
 
60 827 a 642 a 1081 a  850 a  -0.38 a 
 
120 967 a 739 a 1164 a  957 a  0.70 a 
 
180 1133 a 724 a 1172 a  1010 a  0.76 a 
     
   
 
NABE4 0 1047 a 1049 a 626 a  907 bc  
 
 
60 947 a 1054 a 649 a  883 c  -0.40 b 
 
120 1133 a 1391 a 1133 a  1219 a  2.6 a 
 
180 1207 a 1244 a 1139 a  1197 ab  1.6 a 
Namulonge 
    
   
 
Kanyebwa 0 667 a 180 a 671 a  506 a  
 
 
60 633 a 176 a 723 a  511 a  0.08 a 
 
120 542 a 168 a 553 a  421 a  -0.71 a 
 
180 575 a 184 a 665 a  475 a  -0.17 a 
     
   
 
NABE4 0 688 a 161 a 567 a  472 a  
 
 
60 817 a 162 a 575 a  518 a  0.76 a 
 
120 510 a 145 a 437 a  364 a  -0.9 a 
 
180 700 a 188 a 696 a  528 a  0.31 a 
Mbarara 
    
   
 
Kanyebwa 0 650 a 749 a -  700 a  
 
 
60 617 a 819 ab -  718 a  0.30 a 
 
120 475 a 1017 a -  746 a  0.39 a 
 
180 725 a 751 a -  738 a  0.21 a 
     
   
 
NABE4 0 592 a 1113 a -  853 a  
 
 
60 642 a 1097 a -  870 a  0.29 a 
 
120 717 a 952 a -  835 a  -0.15 a 
 
180 537 a 877 a -  707 a  -0.81 a 
*Means with the same letter down the column within each variety are not significantly different 
at P≤0.1 
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Table 4: Yield components, harvest index (HI) and harvest population as affected by phosphorus 
application. Values are means of two cultivars, 3 seasons for Nakabango and Namulonge and 2 
seasons for Mbarara. 
P (kg/ha) 
Pods/plant Seeds/pod 100 seed wt 
(mg) 
HI (%) Plants/m
2
 
Nakabango  
0 8.5 a* 2.9 a   45.7 ab 56.6 a 15.6 a 
60 8.5 a 2.9 a 44.7 b 60.8 a 14.0 a 
120 9.4 a 3.1 a 47.8 a 60.5 a 14.7 a 
180 9.9 a 2.9 a   46.9 ab 57.3 a 14.8 a 
      
Namulonge  
0 4.0 a 2.5 a 44.6 a 48.6 a 12.5 a 
60 4.4 a 2.5 a 44.8 a 50.7 a 12.4 a 
120 4.3 a 2.1 b 43.2 a 52.8 a 11.6 a 
180 4.6 a 2.4 ab 45.1 a 43.6 b 12.3 a 
      
Mbarara 
 0     9.5 ab 2.8 a 43.2 a 46.1 b 10.2 a 
60     9.6 ab 2.7 a 43.5 a 42.5 b   8.3 a 
120 10.5 a 2.8 a 42.4 a    47.0 ab   9.1 a 
180   8.1 b 3.0 a 42.9 a 61.5 a   9.8 a 
*Means with the same letter are not significantly different at P≤0.1
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Table 5:  Yield of maize, row intercrops of maize, beans and their land equivalent ratio as affected by different phosphorus levels.  Dry 
bean yields are means of two varieties.  Capital A and B under each year represents the first (March- June) and second seasons 
(September- December) in the respective years.  
P Yield (kg ha
-1
)      
Kg/ha Sole maize  Associated maize  Associated beans  Land Equivalent Ratio 
 2011  2011  2012   2011 2011 2012  2011 2011 2012  2011 2011 2012 Mean 
 A B A  A B A  A B A  A B A  
Nakabango                
0 7511a* 2021a 1740a  8350a 1652b 1202b  217b 141a 578c  1.29a 1.05a 1.66a 1.33a 
60 8525a 1917a 2214a  8342a 1433b 1590ab  225b 196a 794bc  1.20a 1.01a 1.65a 1.28a 
120 9125a 2474a 2387a  9213a 2378a 2173a  500a 239a 1079a  1.40a 1.22a 2.10a 1.57a 
180 7650a 2374a 1890a  8260a 1745b 1635ab  275b 220a 864ab  1.27a 1.00a 1.65a 1.31a 
                 
Mbarara                
0 2106a 1305a  -  3392a 2505a  -  313a 494a  -  2.53a 1.45a  - 1.99a 
60 2671a 1539a  -  2106a 1676b  -  392a 603a  -  2.04a 1.72a  - 1.88a 
120 3491a 2374a  -  2261a 1511b  -  354a 583a  -  1.81a 2.19a  - 2.00a 
180 3669a 1962a  -  1962a 1283b  -  421a 461a  -  1.56a 1.63a  - 1.60a 
*Means followed by the same letter are not significantly different at P≤0.1.
7
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Table 6:  Effect of phosphorus application on sweet potato root yields. 
 
Yield (kg/ha) 
 
Fresh weight  Dry weight 
P (kg/ha) 2011A  2011B  2012A  Mean 
Nakabango 
 
 
 
 
 
  
0 12889 a*  10222 a  3373 a  3065 a 
60 17500 a  11222 a  2867 a  3528 a 
120 17722 a  13667 a  3811 a  3931 a 
180 19000 a  14000 a  2744 a  3992 a 
            
Namulonge           
0   9489 c  2106 a  2806 a  1608 a 
60 14956 b  2189 a  2594 a  2204 a 
120 19633 a  1922 a  3078 a  2751 a 
180 18389 ab  1439 a  1878 a  2424 a 
            
Mbarara           
0 20611 a  10722 a   -  5248 a 
60 18056 a    9833 a   -  4672 b 
120 19778 a  11444 a   -  5230 a 
180 17667 a     9722 a   -  4588 b 
*Means with the same letter are not significantly different at P≤0.1 (LSD) 
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Table 7:  Effect of phosphorus application on soil available P (Bray 1) at Nakabango 
after 3 seasons of P application and crop harvest.  Soils were analyzed for available P at 
the end of season 2012A. 
 
Available P (Bray 1 mg/kg) 
 
Rotation 
 
Total P 
applied in 
3 seasons 
(kg/ha) 
Maize -
beans 
Maize/bean 
intercrop -
sweet 
potato 
Mean 
0 4.5 a 3.6 a 4.0 a 
180 2.7 a 3.0 a 2.9 a 
360 3.0 a 4.3 a 3.7 a 
540 3.4 a 2.1 a 2.7 a 
    
Mean P before fertilizer application = 5.7 mg/kg 
*Means followed by the same letters down each column are not significantly different 
from each other at P≤0.1 (LSD).  
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Table 8: Estimation of phosphorus fixing capacity by soils at the three trial sites in 
Uganda. 
 
r1/R* 
Location Mean Min Max 
Nakabango -0.095 -0.219 0.322 
Namulonge -0.006 -0.226 0.376 
Mbarara -0.058 -0.093 -0.058 
 
*Values used in the calculation were based on available P (Bray 1) and clay % at the 
beginning of the experiment.  r1/R estimates phosphorus fixation in the soil based on a 
model developed by Morel et al. (1998). At r1/R less than 0.2, most applied phosphorus 
is fixed; at r1/R higher than 0.4, some of the applied P increases soil available P.  
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CHAPTER 4:  PHOTOASSIMILATE SUPPLY TO THE SEED AFFECTS 
YIELD, SEED PROTEIN CONCENTRATION AND MINERAL COMPOSITION 
OF COMMON BEANS (PHASEOLUS VULGARIS L)  
 
Gerald, Sebuwufu, and Mark E. Westgate 
Agronomy Department, Iowa State University, Ames, Iowa, USA 
To be submitted to Agronomy Journal 
 
ABSTRACT 
The composition of common bean (Phaseolus vulgaris L.) seed depends on the supply of 
photoassimilates and minerals to the developing embryo from the plant.    However, little 
is known about the relationship between photoassimilate supply per seed and 
accumulation of valuable seed components. The objective of this study was to evaluate 
the relationship between yield and seed quality components when supply of 
photoassimilates is limited during seed filling. Field experiments were conducted over 
three years to examine the impact of a 50% shade treatment on the seed yield, seed 
protein, oil, starch, and mineral composition.  Shade treatment decreased yield and pods 
per plant, with no impact on seed weight, indicating bean plants responded to the shade 
treatment by reducing reproductive sink size. Shade also decreased seed oil and seed 
starch, but increased seed protein concentration. The shade treatment significantly 
increased seed Zn concentration two of three years.  Fe concentration significantly 
increased in one of the three years by 18%. Yield had a negative and significant 
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correlation with Zn (r=-0.63, p=0.067) for the un-shaded plants and with Fe (r=-0.61, 
p=0.0799) in the shaded plants. Fe concentration for the un-shaded and shaded 
treatments had significant negative correlations with oil (r=-0.66, p=0.0535) and starch 
(r=-0.88, p=0.0017) concentrations.  Seed protein concentration had a positive and 
significant correlation with Fe (r=0.81, p=0.0077) and Zn (r=0.80, p=0.0093) 
concentrations in un-shaded plants and with Fe (r=0.90, p=0.0011) in the shaded plants. 
These results indicate common beans adjust pod load and seed composition in response 
to a decrease in assimilate supply during seed filling.  The positive correlations among 
Fe, Zn and seed protein concentration suggests seed protein might be a useful surrogate 
in breeding programs selecting for increasing seed Fe and Zn.  
 
Keywords: Assimilate supply, seed composition, Fe, Zn, protein, oil, starch.  
 
INTRODUCTION 
Common bean (Phaseolus vulgaris L.) is a major food legume and primary 
source of dietary protein and mineral for millions of people in sub-Saharan Africa 
(Graham and Vance, 2003).  Yet micronutrient deficiencies are often prevalent in sub-
Saharan Africa and Latin America (Welch and Graham, 2004) where beans are a staple 
food. Currently, ongoing efforts to improve the nutritive value of common beans 
specially focus on increasing Fe and Zn, the most prevalent micronutrient deficiencies in 
the world (Bouis and Welch, 2010).  There is wide genetic variability in seed mineral 
composition and the concentration of minerals is partly controlled by the environment in 
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which the beans are grown (Beebe et al., 2000; Gelin et al., 2007; Blair et al., 2009).  
The accumulation of minerals is highly regulated by both the maternal plant and the 
embryo (Grusak and DellaPenna, 1999), probably through feedback mechanisms 
involving assimilate supply. Understanding the relationship between assimilate supply to 
the seed and its mineral composition is important in overcoming limitations related to the 
amount of minerals stored in the seed.      
The role of assimilates in mineral storage may be related to the provision of 
carbon and nitrogenous compounds for the synthesis of transport and storage proteins for 
minerals.  Indeed Fe is principally stored in the ferritin protein (Briat, et al., 2010) while 
Zn and several cations complex with phytic acid and are stored inside protein storage 
vacuoles (Otegui, et al., 2002).  Further, delivery of minerals to the developing seed via 
the phloem depends on the pressure driven bulk flow created by sucrose and amino acids 
generated in the leaves to the developing embryo (Grusak, 1994).  Evidently, 
photoassimilate supply is integral to the transport and storage of mineral nutrients by the 
seed.  Little is known, however, about the relationship between photoassimilate supply to 
seed and accumulation of minerals in the seed. Previous research with soybean (Glycine 
max L.), in which assimilate supply during seed filling was manipulated, showed that 
shading increased seed protein and decreased oil concentration (Proulx and Naeve, 
2009). In a related study, Rotundo et al. (2011) reported that shade did not affect seed 
protein concentration but decreased seed oil concentration soybean. While several 
studies have established that assimilate supply impacts the accumulation of oil and 
protein in the seed (Proulx and Naeve, 2009, Rotundo and Westgate, 2009; Rotundo et 
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al., 2011), how the decrease in assimilate supply might affect the accumulation of 
minerals in the embryo is not known.  Since Fe  (Grusak, 1994; Hell and Stephan, 2003) 
and Zn (Rengel, 2002; Lu et al., 2013) are thought to be phloem loaded together with 
assimilates from the leaves and are principally stored in association with proteins in the 
embryo, we hypothesized that assimilate supply might affect seed protein and seed 
mineral concentrations in a parallel manner. Given that the reproductive sink capacity 
(cotyledon cell number) is well established once seeds commence storage accumulation 
(seed filling phase) (Munier-Jolain and Ney, 1998), manipulation of assimilate supply 
during seed filling should not compromise seed sink capacity, and observed impacts on 
seed composition should reflect imposed changes in assimilate supply.  To test this 
possibility, we investigated the response of three common bean varieties subjected to a 
50% reduction in incident radiation during linear seed filling.  First, we evaluated the 
effect of shade on yield and its components and seed composition.  Secondly, we 
evaluated the association between yield, seed protein, oil and starch with Fe and Zn in 
the seed.    
 
MATERIALS AND METHODS 
Trial sites 
The experiments were carried out at Iowa State University’s Johnson Farm in 
2010 and at the Horticulture farm in 2011 and 2012 both located near Ames, Iowa 
(42°02′05″N 93°37′12″W).  The soil types at the Johnson Farm are Clarion and Nicollet 
loams while the Horticulture Farm has Clarion loams. Table 1 shows the results from the 
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soils analysis.  Soil analytical results showed that the soils at the Johnson Farm were 
lower in both macro and micro nutrients compared to the experimental sites at the 
Horticulture Farm in 2011 and 2012. The field site at the Johnson Farm was in a flood 
plain and this may partly explain low soil nutrients probably due to leaching. Rainfall 
data also showed that in 2010 there was more precipitation than in 2011 and 2012 (May 
to September) (Figure 1).   
 
Field management 
Seeds were planted on May 27, 2010, at the Johnson farm and on May 11, 2011, 
and May 22, 2012, at the Horticulture Farm. All plots were seeded at a rate of 200,000 
seeds ha
-1
. Three common bean varieties, K131, NABE2 and NABE6, improved 
varieties grown in Uganda, were used in the study. All the varieties are small seeded and 
with a Type II growth habit characterized by indeterminate terminal growth, small to 
medium guide development, and low to moderate climbing (Singh, 1982).  Seeds were 
coated with peat-based BioStacked® inoculant (Becker Underwood, Ames, IA) before 
planting and all experiments were planted each year at a population of 20 plants m
-2
.  
The plot size was 6 m x 3 m. The experiment was laid out in a randomized complete 
block design with 3 replicates.  At the Johnson Farm in 2010, 59 kg/ha of nitrogen were 
applied as dry urea before planting. There was no fertilizer application at the 
Horticulture Farm.  At the Johnson Farm, weeds were controlled with Pursuit TM 
(imazethapyr-ammonium) and Select Max TM herbicides (dimethenamid-P and atrazine) 
plus hand hoeing.  At the Horticulture Farm, weeds were controlled by hoeing and 
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mulching with corn stover before flowering. In 2011 and 2012, the experiments were 
supplemented with irrigation during moisture stress. Selected plots were shaded at the 
start of seed filling with 50% black shade netting (EasyShade, USA) until physiological 
maturity.  The shade was deployed 1 m above the plants until physiological maturity.  
Incident radiation above and below the shade was measured on a clear day at noon with 
a ACCUPAR LP-80 PAR sensor (Decagon Devices, Pullman, Washington, USA).  
Shade reduced incident photosynthetically active radiation by an average of 48.5%.  
 
Data Collection 
At physiological maturity, plants from 1 m
2
 were harvested from the inner rows of each 
treatment plot and yield (kg/ha), number of pods per plant, seeds per pod, 100-seed 
weight (g), pod harvest index (PHI) % [PHI = (seed weight/pod wall + seed 
weight)x100] and Harvest Index (HI) (%), [HI = (seed weight/total biomass at 
harvest)x100] were determined.  Samples were dried at 60
o
C for 72 h and weighed. Seed 
composition was determined using seeds from pods tagged at the start of seed filling.   
Seeds for mineral analysis were washed with double distilled water, dried and ground 
with a 30-mesh sieve with a steel mill.  Seed mineral concentration was determined 
using inductively coupled plasma emission spectroscopy (PerkinElmer Inc. Waltham, 
Massachusetts, USA) in the Soil and Plant Analysis Laboratory at Iowa State University, 
Ames, Iowa. Seed nitrogen was determined by combustion (TruSpec CN- LECO, 
Devon, United Kingdom).  Seed oil was determined gravimetrically by hexane 
extraction. Total starch was determined enzymatically using a total starch kit 
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(Megazyme International, Wicklow, Ireland) following the procedure for resistant starch 
in the AOAC Method 996.11/ AACC Method 76.13 (Megazyme, 2011). Total protein, 
starch and oil concentration and content are reported at 13% moisture content.  Seed 
mineral concentration (mg/kg) and seed mineral content (mg/seed) are also reported.  
 
Data analysis 
Analysis of variance (ANOVA) was carried out using Proc GLM procedures in 
the SAS 9.3 program (SAS Institute Inc., Cary, NC USA).    All data from the three 
years were combined. In this case, year and replicates nested in years were considered 
random while variety and shade were considered fixed effects.  The analysis showed 
strong Year x Treatment interactions in several cases. Therefore, analyses of 
experimental data are reported separately for each year.  A significance value of P≤0.1 
was used to separate means in all cases.  
 
RESULTS AND DISCUSSION 
Seed yield and yield components 
 Table 2 shows the effect of shade treatment during seed filling on yield, seed 
weight, pods per plant, and seeds per pod and harvest index for three common bean 
varieties.  Our results agree with the general principle that light intercepted by the plant 
has a direct impact on crop growth and yield (Jiang and Egli, 1993; Long et al., 2006; 
Raines, 2011). In all three years, reduction of incident light by approximately 50% 
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resulted in significant reductions in biomass and yield. In 2010, shade treatment 
significantly reduced yields for NABE2 by 44%. The harvest index, however, was not 
drastically affected by shading, with a significant decrease only evident in 2012.  
Analysis of yield components shows that the reductions were mainly attributed to lesser 
number of pods per plant for shaded plants. Thus, the common beans continued to adjust 
reproductive pod load even though most pods were in the process of seed filling when 
the shade treatment was imposed. 100-seed weight and seeds per pod were not 
significantly affected by shading.   Pod harvest index, an indicator of partitioning of 
assimilates between the seed and the pod wall, was significantly affected by the shade 
treatment in 2010. For NABE2 and NABE6, more assimilates were partitioned to the 
seed compared to the pod wall.  
 In 2011, shade significantly reduced yields of K131, NABE2 and NABE6 by 
44%, 17% and 14% respectively. Analysis of yield components did not show a clear 
source of the observed yield reduction for K131 and NABE2 as there were no significant 
differences between the control and the shaded treatments for 100-seed weight, pods per 
plant, or seeds per pod. This result suggests that modest reductions in the yield 
components combined to cause the drastic reductions in yields. For NABE6 however, 
the observed yield reduction was attributed to a decrease in the seed weight and pods per 
plant.  There were no significant effects of shade on pod harvest index across genotypes.  
In 2012, shading decreased yield 35%, on average. These reflected significant reductions 
in the number of pods on the shaded plants. There were no significant effects of shade on 
100-seed weight, seeds per pod, or pod harvest index.  
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 Shade treatment clearly reduced photoassimilate supply needed to support seed 
formation and development.  Plants already in the reproductive stage responded to this 
stress by reducing the reproductive sink.  The shade was applied at the start of seed 
filling for pods from flowers tagged during the middle phase of flowering.  As such, 
plants had pods at different levels of development. Plants also continued to flower and 
set pods after shading were imposed, reflecting the indeterminate type II growth habit.  
Evidence from soybean indicates shade applied to indeterminate plant types reduced the 
number of flowers per plant (Jiang and Egli, 1993) and increased flower and pod 
abortion (Egli, 1993; Jiang and Egli, 1993). Some studies, however, suggest that the 
major determinant of final pod number under moderate stress is the number of new 
flowers and pods formed, rather than pod abortion (Egli, 2005; Egli and Bruening, 
2005).  In our case, the predominant response of the common bean plants to the shade 
treatment was to decrease the number of seed-bearing pods per plant.  Given the 
indeterminate nature of the varieties used, controlling the size of the reproductive sink 
was a major challenge in this experiment.   
 
Seed protein, oil and starch 
Seed protein concentration (mg/kg) was greater in seeds from shaded plants 
compared to un-shaded plants (Table 3). In 2010, significant variety differences were 
observed between the control and shade treatments for K131 and NABE2. Similarly, 
significant increases in seed protein were also observed between the control and shade 
treatment for all three varieties in 2011 and 2012. In these years, the variety x shade 
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interaction was significant. The observed increase in protein contradicts our hypothesis 
that reduced assimilate supply from shading would lead to parallel reduction in seed 
component composition.  This may indicate that in our case the seeds had an abundant 
supply of amino acids for seed filling even under shade.  Shaded plants had a smaller 
seed sink as indicated by the reduction in yield which led to increased assimilate per seed 
for shaded plants. Un-shaded plants on the other hand had less photoassimilates available 
per seed due to the greater seed yield per plant.  Similar effects of assimilate supply per 
seed have been reported in soybean (Rotundo et al., 2011). 
The observed increase in seed protein may also be due to reduction in the other 
seed components, particularly starch and oil. Analysis of oil concentration showed that 
seeds from the shade treatment had lower oil concentrations compared to the un-shaded 
control (Table 3).  Starch analysis also showed shade reduced the amount of starch in the 
seed, but significant differences were only evident in 2010 and 2011. There were 
significant genotype x shade interactions in these years. The observed decreases in oil 
and starch concentrations may explain the apparent increase in seed protein 
concentration. Increased protein content in high protein bean lines has been attributed to 
reduction in starch content sometimes without quantitative change in protein content 
(Shellie-Dessert and Bliss, 1991).   Increase in seed protein and a reduction in oil has 
also been reported in soybean (Proulx and Naeve, 2009).  Similar reduction in seed oil 
concentration due to shading during seed filling have been reported in soybean  
(Rotundo et al., 2011).   
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Seed mineral composition 
Table 4 shows the effect of shade on seed mineral composition for three common 
bean varieties. There were no clear and consistent effects on seed mineral composition 
from shading.  Seed mineral concentration varied across years.  K and Na were not 
significantly affected by shade treatments in all years.  Seed Fe varied greatly across 
years with averages ranging between 25 to 86 mg/kg. The variation for Zn on the other 
hand ranged between 55 to 79 mg/kg. The wide variations suggest that these bean 
varieties have tremendous ability to alter seed Fe and Zn concentrations. Concentrations 
of Fe and Zn were higher in 2010, despite the field location (Johnson Farm) for that year 
having much lower levels of soil Fe and Zn compared to the Horticulture Farm (Table 
1).  It’s worth noting that the yields were much less than those from 2011 and 2012. 
Thus, the observed differences in Fe and Zn across years may be due to dilution effects 
associated with seed yield.  In 2011 and 2012, Zn concentration was significantly higher 
in seeds from shaded plants. Fe on the other hand showed mixed results, but was 
significantly increased by shade treatment in 2012.  The significant responses to shade 
imply that assimilate supply to the seeds may play a role in the accumulation of these 
minerals in the seed.   
 
Correlations between yield, oil, protein, starch, Fe and Zn 
Pearson correlations were used to determine quantitative associations between 
yield and some seed components (Table 5).  Yield had a negative and significant 
correlation with Zn (r=-0.63, p=0.067) for the un-shaded plants and with Fe (r=-0.61, 
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p=0.0799) in the shaded plants. This outcome may indicate a possible dilution of seed 
mineral concentration as yield (assimilate supply) increased.  Dilution effects of yield on 
seed mineral concentration have been reported in Brassica napus (Ding et al., 2010) and 
in several fruits and vegetables (Davis, 2009). Our results, however, are not consistent 
with findings by (Gelin et al., 2007) who reported positive correlations between Fe and 
yield and Zn and yield in Navy bean (Phaseolus vulgaris L.).  
Fe concentration for the un-shaded and shaded treatments had significant 
negative correlations with oil (r=-0.66, p=0.0535) and starch (r=-0.88, p=0.0017) 
concentration.  Seed protein concentration had a positive and significant correlation with 
Fe (r=0.81, p=0.0077) and Zn (r=0.80, p=0.0093) concentration in un-shaded plants and 
with Fe (r=0.90, p=0.0011) in the shaded plants. Thus, seeds with high protein 
concentration tended to have a greater Fe and Zn concentration.  These positive 
associations may be related to role of proteins in sequestering Fe and Zn in the seed. Fe 
is principally stored in the ferritin protein (Briat et al., 2010) while Zn and several 
cations complex with phytic acid and are stored inside protein storage vacuoles (Otegui 
et al., 2002).  Further tests are needed to determine the relationship between proteins, 
particularly ferritin and Fe and Zn accumulation in the seed using high protein and high 
mineral lines.   
 
CONCLUSIONS 
The reduction in supply of photoassimilates imposed during the seed filling phase 
decrease seed yield, decreased the concentration of oil and starch, and increased the 
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concentration of seed protein. The effects of photoassimilate supply on seed mineral 
composition were inconclusive, however, given the inconsistent responses observed for 
some minerals. Experimental results do suggest that Zn may be more affected by 
assimilate supply than the other minerals judging from significant increases in Zn 
concentration in shaded plants over two seasons. Fe and Zn were negatively correlated 
with seed yield, oil and starch concentration, and positively correlated with seed protein 
concentration in both un-shaded and shaded plants. Thus, selection for increased protein 
concentration may lead to an increase in the concentration of these important 
micronutrients. However, the inverse relationship between yield and protein 
concentration may constrain usage of this strategy in breeding programs.  Conducting 
similar experiments with unique germplasm such as high protein and high Fe and Zn 
lines could provide greater insight into the relationships between assimilate supply and 
seed composition in common beans.  
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 Table 1: Soil characteristics for the three trial sites at Iowa State University Johnson in 2010 and Horticulture Farm in 2011 
and 2012.  
Location Year pH P K Na Mg Ca Mn Fe Cu Zn Al 
 
  ------------------------------------------ (mg/kg) ------------------------------------------ 
Johnson Farm 2010 5.8 13 141 23 247 1813 57 258 1.5 0.8 829 
Horticulture Farm 2011 5.5 19 2068 20180 6306 40680 546 3202 25 65 13300 
Horticulture Farm 2012 5.7 16 2222 20160 6970 44500 665 2782 25 66 12840 
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Table 2: Effect of shade on yield and yield components for three common bean varieties K131, NABE2 and NABE6.  
Variety Treatment Yield 
(kg/ha) 
100-seed 
weight (g) 
Seed mass 
(g) 
Pods/plant Seeds/pod Seeds/m-2 Biomass (g) PHI (%) HI % 
 2010 
K131 Control 1017  C* 14.1  CD 0.14  CD 7.6  D 5.4  AB 7187  C 330 B  79.8  A 31.1  A 
K131 Shade 1180  C 13.4  D 0.13  D 9.4  CD 4.2  D 878  BC 338 B 81.6  AB 35.7  A 
NABE2 Control 2041  A 16.1  A 0.16  A 15.7  A 5.4  BC 1274  A 555 A 76.0  DC 36.9  A 
NABE2 Shade 1140  C 15.5  A 0.16  A 9.7  CD 4.8  CD 736  C 312 B 79.2  B 36.7  A 
NABE6 Control 1583  B 14.6  AB 0.15  BC 12.0  B 6.1  A 1085  AB 415 B 75.0  D 38.3  A 
NABE6 Shade 1264  BC 15.3  BC 0.15  AB 10.6  BC 5.4  BC 835  BC 331 B 77.8  BC 38.1  A 
  --------------------------------------------------------------------------- P values-------------------------------------------------------------------------- 
Block 2 0.0332 0.4753 0.4574 0.0881 0.5079 0.0313 0.1039 0.3485 0.7617 
Variety (V) 2 0.0151 0.0006 0.0005 0.0017 0.0154 0.1361 0.1195 0.0016 0.2668 
Shade(S) 1 0.0107 0.5037 0.5173 0.0215 0.0026 0.0265 0.0138 0.0046 0.5641 
VXS 2 0.0104 0.1503 0.1495 0.0028 0.4578 0.0168 0.0476 0.7274 0.635 
           
2011 
K131 Control 3427  A 15.2  AB 0.15  A 19.1  A 5.7  BC 2260  A 734 A 73.6  C 48.0  A 
K131 Shade 2093  CD 15.8  A 0.16  A 16.0  AB 5.5  C 1332  D 583 B 73.7  C 35.9  C 
NABE2 Control 2225  BC 15.0  BC 0.15  A 15.6  AB 5.6  C 1486  CD 567 B 80.2  A 39.5  BC 
NABE2 Shade 1846  D 14.2  DC 0.14  B 12.7  B 6.3  AB 1299  D 396 C 78.9  A 47.0  AB 
NABE6 Control 2439  B 14.0  D 0.14  B 18.8  A 6.7  A 1740  B 554 B 75.6  BC 44.2  AB 
NABE6 shade 2089  CD 13.0  E 0.13  C 13.9  B 6.2  AB 1607  BC 479 BC 76.6  B 44.3  AB 
   
  
--------------------------------------------------------------------------- P values-------------------------------------------------------------------------- 
Block 2 0.6105 0.5179 0.5304 0.3487 0.3146 0.378 0.1962 0.7094 0.2691 
Variety (V) 2 0.0003 0.0002 0.0003 0.0841 0.0126 0.0008 0.0091 <.0001 0.7554 
Shade(S) 1 <.0001 0.1374 0.1411 0.0084 0.9728 <.0001 0.0067 0.9314 0.5665 
VXS 2 0.0022 0.0436 0.0441 0.7291 0.0622 0.0005 0.5883 0.3968 0.0305 
           
2012 
K131 Control 3551  A 21.2  A 0.21  A 18.0  AB 4.9  BC 1680  A 865 A  78.0  AB 41.0  A 
K131 Shade 2351  B 22.3  A 0.22  A 10.7  C 5.0  BC 1049  B 660 B 80.0  A 35.2  B 
NABE2 Control 4099  A 21.6  A 0.22  A 17.4  B 5.4  AB 1900  A 915 A 78.6  A 44.7  A 
NABE2 Shade 2569  B 21.2  A 0.21  A 11.0  C 5.7  A 1210  B 594 B 78.9  A 43.2  A 
NABE6 Control 4190  A 21.2  A 0.21  A 21.8  A 5.1  BC 1975  A 926 A 74.9  BC 45.3  A 
NABE6 shade 2800  B 22.0  A 0.22  A 15.2  B 4.7  C 1273  B 668 B 74.2  C 41.6  A 
  --------------------------------------------------------------------------- P values-------------------------------------------------------------------------- 
Block 2 0.017 0.131 0.1337 0.1744 0.5310 0.1132 0.0113 0.1757 0.293 
Variety (V) 2 0.1476 0.8661 0.8705 0.0302 0.0380 0.1855 0.6753 0.0103 0.0123 
Shade(S) 1 <.0001 0.3547 0.3458 0.0003 0.8325 0.0001 <.0001 0.6159 0.0265 
VXS 2 0.8185 0.472 0.4671 0.9537 0.4420 0.9613 0.5238 0.5938 0.4864 
*Means in columns within years followed by the same letters are not significantly different at p ≤ 0.1.
9
4 
 
95 
 
 
Table 3:  Effect of shade on seed protein, oil and starch content for three common bean genotypes- K131, NABE2 and 
NABE6.  Proximate analysis carried out at 13% moisture content. 
  
 
 
2010 
   
2011 
  
 2012 
 
Variety Shade  Protein Oil Starch 
 
Protein Oil Starch 
 
Protein Oil Starch 
  
 
 
% 
   
% 
   
% 
 
K131 Control  27.5  C* 1.72  A 35.4 B 
 
18.1  D 2.52  A 41.9 A 
 
26.9  C 1.58  A 33.5 A 
 
Shade  30.6  AB 1.64 A 31.6 E 
 
20.0  C 2.49  A 40.8 A 
 
27.5  B 1.59  A 33.0 A 
NABE2 Control  26.9  C 1.63  A 34.1 C 
 
20.0  C 1.99  B 37.3 B 
 
23.1  E 1.95  A 35.5 A 
 
Shade  30.0  AB 1.60  A 33.0 D 
 
21.3  B 1.73  C 36.8 B 
 
25.0  D 1.86  A 34.9 A 
NABE6 Control  28.1  BC 1.71  A 38.8 A 
 
20.0  C 1.77  C 38.1 B 
 
27.5  B 1.85  A 33.7 A 
 
Shade  32.5  AB 1.53  A 28.9 F 
 
24.4  A 1.56  D 33.8 C 
 
30.0  A 1.68  A 33.5 A 
  
 
           
Source of Variation 
 
 -------------------------------------------------------P value  ------------------------------------------------------- 
Block 2  0.2630 0.5112 0.0676 
 
0.2773 0.0023 0.5412 
 
0.4367 0.1574 0.0061 
Variety (V) 2  0.1726 0.984 0.2011 
 
<.0001 <.0001 <.0001 
 
<.0001 0.0532 0.0202 
Shade(S) 1  0.0008 0.1206 <.0001 
 
<.0001 0.0004 0.0038 
 
<.0001 0.4229 0.4133 
VXS 2  0.8493 0.2889 <.0001 
 
0.0005 0.0652 0.0276 
 
<.0001 0.7585 0.9441 
*Means followed by the same letters are not significantly different at p≤0.1. 
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Table 4:  Effect of shade on concentration of minerals for three common bean genotypes- K131, NABE2 and NABE6.  
Variety Treatment P K Na Mg Ca Mn Fe Cu Zn 
  
-------------------------------------------------------- mg/kg-------------------------------------------------------- 
    
2010 
      
K131 Control 4989  AB* 18627   A 18.5  A 2179  ABC 1155  CD 25.3  AB 69.8  A 29.4  A 81.9  B 
K131 Shade 4817  A 19687  A 14.3  AB 1895  BCD 891  D 24.2  AA 66.9  A 28.9  A 74.1  B 
NABE2 Control 4761  CD 13240  B 13.4  B 1861  CD 1371  BC 23.5  B 70.2  A 28.0  A 73.7  A 
NABE2 Shade 4532  B 11404  C 11.3  B 1815  D 1878  A 24.9  AB 68.6  A 28.0  A 75.0  B 
NABE6 Control 5210  D 13400  B 12.9  B 2215  A 1856  A 26.1  AB 85.7  A 29.2  A 89.7  B 
NABE6 Shade 4735  BC 12400 BC 12.4  B 2207  AB 1721  AB 26.9  A 85.9  A 28.9  A 68.9  B 
  --------------------------------------------------------------------- P value---------------------------------------------------------------------- 
Block 2 0.3485 0.0537 0.4541 0.4216 0.3026 0.1803 0.6722 0.334 0.1173 
Variety (V) 2 0.0016 <.0001 0.0878 0.0397 0.0008 0.1535 0.0952 0.2412 0.8407 
Shade(S) 1 0.0046 0.3187 0.1625 0.2905 0.7678 0.701 0.8307 0.6036 0.2267 
VXS 2 0.7274 0.148 0.6071 0.5066 0.0504 0.5217 0.9812 0.9541 0.4623 
     2011      
K131 Control 4485  C 12113  AB 33.1  A 1985  C 1369  B 16.8  A 30.3  AB 5.0  A 54.5  B 
K131 Shade 4417  C 11880  AB 38.1  A 1950  C 1067  C 15.7  A 22.8  B 3.8  AB 58.7  B 
NABE2 Control 5173  A 12073  AB 34.7  A 1878  D 1003  C 16.5  A 20.8  B 2.3  BC 61.1  B 
NABE2 Shade 5275  A 10186  B 33.1  A 2115  B 1059  C 15.3  A 29.2  AB 4.1  AB 80.6  A 
NABE6 Control 5251  BC 13953  A 34.2  A 2104  B 2067  A 13.4  B 22.0  B 1.8  C 52.0  B 
NABE6 Shade 5399  B 13693  A 31.3  A 2191  A 1486  B 12.7  B 34.6  A 2.6  BC 57.1  B 
 DF --------------------------------------------------------------------- P value---------------------------------------------------------------------- 
Block 2 0.7094 0.5498 0.174 0.9539 0.8117 0.1958 0.689 0.1722 0.2875 
Variety (V) 2 <.0001 0.1793 0.6783 <.0001 <.0001 0.0007 0.7355 0.0506 0.0265 
Shade(S) 1 0.9314 0.4905 0.9484 0.0003 0.0058 0.0775 0.2101 0.4534 0.0568 
VXS 2 0.3968 0.7885 0.4383 0.0003 0.0249 0.8738 0.0805 0.2141 0.3276 
*Means followed by the same letters are not significantly different at p≤0.1. 
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Table 4: (Continued) 
Variety Treatment P K Na Mg Ca Mn Fe Cu Zn 
  
-------------------------------------------------------- mg/kg-------------------------------------------------------- 
     2012      
K131 Control 5697  B* 13740  BC 34.1  A 1905  B 1309  BCD 13.2  C 42.1  B 5.2  E 64.3  AB 
K131 Shade 6245  A 13813  BC 32.7  A 1967  B 1058  D 13.7  BC 61.3  A 8.3  B 76.7  A 
NABE2 Control 5370  C 13867  BC 39.3  A 2093  A 1716  A 14.9  A 31.9  B 3.7  F 56.0  B 
NABE2 Shade 5109  D 13493  C 35.2  A 1920  B 1319  BC 14.6  AB 40.8  B 5.9  D 59.6  B 
NABE6 Control 6357  A 15060  A 31.7  A 2149  A 1418  B 13.5  BC 45.2  B 7.1  C 67.7  AB 
NABE6 Shade 6275  A 14340  B 35.2  A 1959  B 1130  CD 13.2  C 42.7  B 9.1  A 76.5  A 
Source of Variation DF --------------------------------------------------------------------- P value---------------------------------------------------------------------- 
Block 2 0.2139 0.8978 0.1775 0.091 0.0524 0.3688 0.9529 0.1577 0.3979 
Variety (V) 2 <.0001 0.0042 0.3764 0.055 0.0211 0.0262 0.0583 <.0001 0.0339 
Shade(S) 1 0.4287 0.13 0.7847 0.0157 0.0036 0.9655 0.0902 <.0001 0.0724 
VXS 2 0.0064 0.3299 0.472 0.024 0.764 0.6621 0.1981 0.0753 0.6855 
*Means followed by the same letters are not significantly different at p≤0.1. 
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Table 5: Pearson correlations between seed yield, protein, oil, starch and Fe and Zn 
concentrations. Above diagonal: correlations for control plants; below diagonal: 
correlations for shaded plants 
  kg/ha  %  mg/kg 
  Yield  Protein Oil Starch  Fe  Zn  
Yield    -0.21ns 0.42ns -0.16ns  -0.56ns -0.63* 
Protein  -0.38ns   -0.76** -0.68**  0.81** 0.80** 
Oil  0.33ns  -0.70**  0.70**  -0.56ns -0.57ns 
Starch  0.40ns  -0.91*** 0.87**   -0.21ns -0.21ns 
Fe  -0.61*  0.90** -0.66* -0.88**   0.95*** 
Zn  -0.21ns  0.38ns -0.51ns -0.31ns  0.35ns  
ns: not significant at  p>0.1, *, **, ***: significant at p≤0.1, p≤0.01 and p≤0.001 
respectively. 
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Figure 1: Rainfall and cumulative growing degree days (GDD) during the growing 
season (May to 30th September) 
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CHAPTER 5: GENERAL CONCLUSIONS 
 
Low common bean yields are a major challenge for small-landholder farmers in 
sub-Saharan Africa.  The general objective of the field-based studies in Uganda was to 
evaluate performance of improved varieties under intensified fertility regimes, and 
assess how assimilate partitioning to the seed impacts seed mineral content. In Chapter 2 
and Chapter 3, we addressed the soil fertility limitation through a series of experiments 
both on-farm and on-station. Yield results from our study showed that improved 
varieties tended to yield better than the local variety. Further, soil fertility improvement 
resulted in positive yield increases in all cases. The combination of improved varieties 
and local manure thus offers the potential to increase common bean productivity among 
small scale farmers.  Improved varieties alone may not achieve the desired productivity 
to meet the needs of the growing population in sub-Saharan Africa.  Among resource-
limited farmers, options for soil fertility improvement are few. Use of commercial 
fertilizers by small scale farmers is currently constrained by the high cost (Okoboi and 
Barungi, 2012).  Use of manure options require large quantities, are labor intensive, and 
often are low in nutrient quality (Okalebo et al., 2006). Widespred use of these 
approaches would require changes in local farming systems such as adopting mixed 
agriculture for a reliable source of animal manure.  An intergrated approach would 
require coupling these options with inorganic sources of nutients.   
Soil analytical results from farmers’ fields and literature reviews identified P as 
the most limiting macronutrient. Further, P could not be supplied in sufficient quantities 
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given the lower quantities of this nutrient in cattle manure used for on-farm research. 
Thus in Chapter 3, we evaluated the effects of P intensification on monocropped and 
intercropped beans and on soil available P. This is one of the first studies on P 
intensification in Uganda. There were no significant effects of applied P on the yield of 
common bean monocrop and maize/bean intercrop. Further, P intensification did not 
increase soil available P in the short term (3 seasons).  The lack of response partly 
attributed to the high P fixing capacity of soils resulting from the low soil pH.  Soil 
acidity increased the availability of Fe and Al oxides/hydroxides that bind added P, 
making it un-available for plant uptake.  The large quantities of inorganic P application 
that would be need to build soil capital puts this resource out of reach for the majority of 
subsistence farmers. Complementary use with organic manure, however, might be a 
viable solution, coupled with proximal placement of P fertilizer and phased application 
to ensure synchrony with plant needs.  Long term research is needed to understand 
dynamics of P fixation under field conditions, and the interactions with soil biological 
agents responsible for P mineralization.  
In Chapter 4, we evaluated the effect of assimilate supply to the seed the effect 
on seed composition. The reduction in supply of photoassimilates imposed during the 
seed filling phase decreased seed yield, decreased the concentration of oil and starch, 
and increased the concentration of seed protein. The effects of photoassimilate supply on 
seed mineral composition were inconclusive given the multidirectional responses 
observed for some minerals. However, results suggest that Zn may be more affected by 
assimilate supply than Fe judging from significant increases in Zn concentration in 
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shaded plants for two out of three seasons. Fe and Zn were negatively correlated with 
seed yield, oil and starch concentration, and positively correlated with seed protein 
concentration in both un-shaded and shaded plants. Thus, the selection for increased 
protein concentration may increase the concentration of these important micronutrients. 
However, the challenge of the inverse relationship between yield and protein 
concentration may constrain usage of this strategy in breeding.  More research is need to 
evaluate the relationships between assimilate supply and seed composition probably 
using high protein and high Fe and Zn lines.  
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